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Abstract
Detection of nucleic acids using fluorophore-modified oligonucleotides forms the basis of many
important applications in molecular biology, genetics and medical diagnostics. Here we
demonstrate that DNA strands with central segments of alternating locked nucleic acid (LNA) and
2'-O-(pyren-1-yl)methyluridine monomers display very large and highly mismatch-sensitive
increases in fluorescence emission upon RNA hybridization, whereas corresponding “LNA-free”
controls do not. Absorbance spectra strongly suggest that LNA-induced conformational tuning of
flanking 2'-O-(pyren-1-yl)methyluridine monomers places the reporter group in the minor groove
upon RNA binding, whereby pyrene-nucleobase interactions leading to quenching of fluorescence
are minimized. Accordingly, these easy-to-synthesize probes are promising SNP-discriminating
RNA detection probes.

Introduction
Detection of nucleic acids using homogenous assays involving fluorophore-modified
oligonucleotides forms the basis of many important applications in molecular biology,
genetics and medical diagnostics1,2 including detection of microorganisms,3 real-time PCR
monitoring,4 detection of single nucleotide polymorphisms (SNPs),5 fluorescence in situ
hybridization (FISH),6 and in vivo RNA imaging.7,8 Pyrene-modified oligonucleotides have
been studied extensively as model systems9,10 due to the high quantum yield and position-
dependent emission characteristics of pyrene.9–12 Thus, localization of pyrene moieties in
one of the duplex grooves typically results in: i) strong fluorescence in the 370–420 nm
‘monomer’ region since quenching pyrene-nucleobase interactions are minimized, ii) low
IIII/II vibronic band ratios due to the high groove polarity, and iii) reduced duplex
thermostability, presumably due to perturbations in the duplex hydration spine. In contrast,
intercalating pyrenes generally result in: i) weak emission, ii) high IIII/II-ratios, and iii)
increased duplex thermostability, all of which are consequences of pyrene-nucleobase
stacking and/or duplex core hydrophobicity. Moreover, π-stacking pyrene dimers display
broad and featureless excimer fluorescence at ~490 nm provided that interplanar distances
are less than 4 Å.13

Hybridization probes are an important subclass of fluorophore-modified oligonucleotides.14

Pyrene-based hybridization probes10,15–27 are typically designed to display: i) weak
fluorescence in the absence of targets by promoting nucleobase-mediated quenching of the
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pyrene moiety, and ii) increased monomer emission upon target binding by directing the
pyrene moiety into a less quenching microenvironment. Base-discriminating probes share
the characteristics of hybridization probes and, additionally, display emission intensities that
depend on the nucleotide adjacent to the reporter group.28,29 Most pyrene-based base-
discriminating probes23,30–34 rely on the following principle - the pyrene moiety is i)
positioned in a non-quenching groove upon hybridization with complementary targets, while
ii) intercalating upon hybridization with mismatched targets, leading to nucleobase-induced
quenching of fluorescence.30,34 Unlike hybridization probes, base-discriminating probes
discriminate between complementary and mismatched targets at non-stringent conditions,
i.e., at conditions where mismatched duplexes are formed. These probes are therefore well-
suited to discriminate SNPs, which are the most frequently occurring genetic variation in the
human genome and important biomedical markers.5

RNA strands modified with 2'-O-(pyren-1-yl)methyluridine monomer Y (Fig. 1) are a
particularly interesting class of pyrene-based hybridization probes.16 Their emission
intensity increases up to 30-fold upon hybridization with RNA targets, leading to the
formation of moderately fluorescent RNA duplexes (quantum yields up to ~25%).
Moreover, excellent fluorescent discrimination of mismatched targets is observed.
Regrettably, Y-modified DNA probes, which are considerably easier to make via machine-
assisted solid-phase synthesis than the corresponding RNA probes, exhibit much less
consistent changes in fluorescence upon target binding.15,16 The disparity in fluorescence
characteristics is the result of different pyrene binding modes; NMR studies on RNA:RNA
and DNA:DNA duplexes modified with a single Y monomer have shown that the pyrene
moiety predominantly is located in the minor groove and duplex core, respectively.35

Glowing locked nucleic acids (LNAs), i.e., DNA, RNA or 2'-O-methyl RNA strands
modified with two or more non-sequential incorporations of 2'-N-(pyren-1-yl)carbonyl-2'-
amino-LNA thymine monomer (Fig. 1), are another interesting class of pyrene-based
hybridization probes.19,24,36 Glowing LNA display large increases in fluorescence intensity
upon binding to DNA and RNA targets (typically between 2- and 10-fold) and result in the
formation of highly thermostable and brightly fluorescent duplexes (quantum yields between
28–99%). This, along with results from molecular modelling studies, suggests that the short
rigid linker and bicyclic skeleton of this monomer (locked in a North-type conformation)
force the pyrene moiety into the minor groove upon duplex formation.19 However, despite
recent improvements in the synthesis of 2'-amino-LNA intermediates,37 the route to these
interesting building blocks still entails approximately twenty steps.38,39 Development of
synthetically more readily available phenomenological mimics of Glowing LNA and Y-
modified RNA probes is therefore desirable.

Conventional LNA monomers40–42 (Fig. 1) are known to influence the sugar conformation
of neighbouring 2'-deoxyribonucleotides toward increased North-type character, whereby
LNA-modified duplexes attain more RNA-like geometries.43,44 This prompted us to
hypothesize that DNA-based probes with segments of alternating LNA and 2'-O-(pyren-1-
yl)methyluridine monomers will display emission characteristics that resemble those of Y-
modified RNA probes or Glowing LNA, anticipating that LNA-induced tuning of flanking
Y monomers’ furanose conformations from South- to North-type will position the reporter
group in the minor groove upon duplex formation. A similar strategy has been used to
modulate the properties of oligodeoxyribonucleotides (ONs) modified with N2'-
functionalized 2'-aminouridines45,46 or 1-(phenylethynyl)pyrene-functionalized 2'-
arabinonucleotides,47 albeit it with partial success.

In this article, thermal denaturation, fluorescence emission and absorption studies on DNA-
based probes with segments of alternating LNA and 2'-O-(pyren-1-yl)methyluridine
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monomers are reported. These probes are relatively straightforward to synthesize; LNA
phosphoramidites are commercially available, the corresponding phosphoramidite of
monomer Y is available in four steps from uridine,48,49 and machine-assisted solid-phase
DNA synthesis is a routine technique. We demonstrate that DNA strands with central
LYLYL motifs, unlike their “LNA-free” controls, display large and mismatch-sensitive
increases in fluorescence emission upon RNA hybridization due to LNA-induced positional
control of the reporter group.

Results and Discussion
Initial studies – identification of probe architecture

To test our hypothesis, we first designed a small set of 9-mer ONs with variable levels of
alternating LNA and Y monomers in the central region, i.e., LYL, YLY and LYLYL motifs,
where ‘L’ denotes an LNA monomer (c-series, Table 1). Following standard machine-
assisted synthesis, purification, and quality control of these ONs (see ESI†), thermal
denaturation temperatures (Tm's) of the corresponding duplexes with complementary DNA/
RNA were determined and compared to reference duplexes involving ONs that are
unmodified, only LNA-modified (a-series), or only Y-modified (b-series). As previously
reported,40–42,49 LNA-modified ONs display particularly high thermal affinity toward RNA
targets (ΔTm/modification 7–10 °C, a-series, Table 1), while Y-modified ONs display very
high affinity toward DNA targets (ΔTm/modification 8–13 °C, b-series, Table 1).
Interestingly, incorporation of alternating LNA and Y monomers significantly reduces the
stabilizing effect of either monomer (compare ΔTm values for a- and b-series relative to c-
series, Table 1), presumably due to the opposing mechanisms leading to thermostabilization;
LNA monomers induce an increasingly compact and thermostable RNA-like duplex
geometry,43,44 while Y-monomers stabilize DNA duplexes through pyrene intercalation,35 a
process that prefers the less compact geometry of B-type DNA.50 Similar observations have
been made for duplexes between DNA targets and ONs modified with alternating LNA and
2'-N-pyren-1-yl-2'-N-methylaminouridine monomers.45

Steady-state fluorescence emission spectra of single-stranded probes and the corresponding
duplexes with DNA/RNA targets were recorded in thermal denaturation buffer using an
excitation wavelength of 350 nm. Single-stranded Y-modified reference probe ON1b (BYB
motif, where ‘B’ denotes a DNA monomer) displays vibronic peaks at ~376 and ~390 nm
and a weak shoulder at ~420 nm (Fig. 2). Binding to DNA/RNA targets results in ~80%
decrease in fluorescence intensity. ON2b (YBY motif) displays similar characteristics
except that weak excimer emission at ~490 nm also is observed. Substitution of the central
DNA nucleotide with an LNA monomer only has minor impact on emission characteristics
(compare ON2b and ON2c, Fig. 2).

In contrast, duplex formation between ON1c, where monomer Y is flanked by two LNA
monomers, and DNA/RNA targets, results in moderately increased emission (~1.9-fold and
~4.5-fold increase, as measured at λem = 376 nm, Fig. 2). Single-stranded ON3c, featuring
an extended repeat of this motif (LYLYL), displays intense excimer emission but only
minimal monomer emission in the region between 370–410 nm. Hybridization with DNA/
RNA targets reduces excimer emission by ~75%. Binding to RNA, moreover, results in an
extraordinary ~87-fold increase in monomer emission (Fig. 2). Clearly, LNA monomers
influence the properties of monomer Y in single-stranded ON3c and the corresponding
duplexes with RNA.

Hybridization-induced excimer-to-monomer emission changes have been previously
observed with RNA probes carrying multiple incorporations of 2'-O-(pyren-1-
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yl)methyladenosine,22 indicating that this mechanism may be general for RNA-like probes
carrying two or more 2'-O-(pyren-1-yl)methylribonucleotides.

Extended studies in 9-mer ON context – influence of nucleobases
Encouraged by the large increases in monomer emission upon RNA binding, we set out to
examine ONs with central LYLYL motifs in greater detail. Additional 9-mer ONs were
synthesized in which the nature of the central nucleotide was systematically varied (ON4–
ON6, Table 2) as it is known that nucleobases quench pyrene fluorescence with different
efficiency – guanine and cytosine are normally the strongest quenchers.11,51

In accordance with our initial results, ON4c–ON6c display considerably lower affinity
toward DNA/RNA targets than would be expected if the stabilizing contributions of LNA
and Y-monomers were additive (compare ΔTm values for ON3–ON6 a- and b-series vs. c-
series, Tables 1 & 2).52

The central DNA nucleotide has only a minor impact on the fluorescence characteristics of
Y-modified reference ONs and the resulting duplexes with DNA/RNA targets (compare
ON3b–ON6b, Figs. 2 & S2†). Hybridization with DNA/RNA targets generally results in
decreased monomer emission (Fig. 3).

In contrast, the nature of the central LNA nucleotide greatly influences the excimer emission
of single-stranded LYLYL probes, which decreases in the order L: a ~ t > c > g (compare
ON3c–ON6c-series, Figs. 2 & S2†). Large increases in monomer emission are observed
upon RNA binding, while DNA binding results in more subtle increases (19–118 fold vs
3.8–69 fold, respectively, Fig. 3).52 In fact, the increases in emission intensity upon RNA
binding are greater than those reported for Y-modified RNA, Glowing LNA, and other
pyrene-based hybridization or base-discriminating probes.15–27,30–34,53

The results demonstrate that i) LNA monomers have a substantial influence on the
photophysical properties (and hence position) of the pyrene moieties of flanking Y
monomers, both in single-stranded probes and duplexes, and ii) emission intensities of
duplexes with RNA targets are largely unaffected by the nature of the central LNA
nucleotide (compare emission intensity of ON3c–ON6c vs RNA, Fig. 3), which hints at
weak pyrene-nucleobase interactions.

Rationalization of emission trends via absorption spectroscopy
Absorbance spectra of ON1–ON6 and the corresponding duplexes with DNA/RNA targets
were recorded to rationalize the observed emission trends (Figs. S3 & S4†). Y-modified
reference probes (b-series) display bathochromic shifts of pyrene absorption maxima upon
hybridization with DNA/RNA targets (Δλ = 0–4 nm, Table 3), which is consistent with
pyrene intercalation54 and the observed hybridization-induced decreases in emission
intensity (Fig. 3).

With the exception of ON4c, bathochromic shifts were also observed upon DNA binding of
ON1c–ON6c (Table 3), which explains the moderate fluorescence intensity of these
duplexes (Fig. 3). With the exception of ON2c, RNA binding of ON1c–ON6c results in
hypsochromic and hyperchromic shifts (Δλ from −6 to −2 nm, Table 3), which is consistent
with hybridization-induced pyrene-nucleobase destacking54 and increased fluorescence
emission (Fig. 3). The low IIII/II vibronic band ratio observed for duplexes between these
probes and RNA, further suggests that the pyrene moieties are localized in the polar minor
groove (Figs. 2 & S2†).12
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As mentioned, two exceptions to these general trends are observed: i) ON2c displays
bathochromic shifts of pyrene absorption maxima upon DNA as well as RNA binding
(Table 3), which is in agreement with intercalation and the observed hybridization-induced
decreases in fluorescence emission (Fig. 3), and ii) ON4c displays a slight hypsochromic
shift upon DNA binding (Table 3), which is consistent with the hybridization-induced
increases in monomer emission (Fig. 3).

The results demonstrate that the high LNA density of the LYLYL motif changes the
preferred pyrene binding mode of monomer Y from intercalation to increasing groove
localization. This renders the LYLYL motif as a promising element in the design of RNA
hybridization probes.

Generality of LYLYL-probes – studies in 13-mer sequence contexts
To examine the generality of this probe architecture, four 13-mer ONs featuring the LYLYL
motif were prepared, in which the nature of the central LNA monomer again was
systematically varied (ON7–ON10, Table 4). Briefly, thermal denaturation experiments
demonstrate that these probes – as compared to unmodified reference strands – display: i)
lower affinity toward DNA targets (Table S3†), ii) slightly higher thermal affinity toward
complementary RNA (compare Tm's for ON7–ON10 vs ON7ref–ON10ref, Table 4), and
iii) less efficient thermal discrimination of centrally mismatched RNA targets (compare
ΔTm's, Table 4).

ON7–ON10 display similar spectral characteristics as the 9-mer series, i.e., i) very large
increases in pyrene monomer emission upon hybridization with RNA targets but more subtle
increases with DNA targets (21–83 fold vs 1.4–10 fold, respectively, Figs. 4 & S7†), and ii)
significant hypsochromic and hyperchromic shifts of pyrene absorption maxima upon
hybridization with RNA targets (Δλ from −7 to −6 nm, Table 5; for spectra, see Fig. S9†),
but bathochromic shifts upon DNA binding (Table S4†). The nature of the central LNA
nucleotide is again found only to have relatively minor impact on the emission intensity of
the resulting duplexes with complementary RNA (compare intensity of ON7–ON10 vs
RNA, Fig. 4).

Fluorescence-based SNP discrimination
Interestingly, ON7–ON10 display excellent fluorescent discrimination of centrally
mismatched RNA targets as the resulting duplexes exhibit much lower monomer emission
than fully complementary duplexes (Figs. S6 & S8†). Large mismatch discrimination factors
– defined as the intensity ratio between matched and mismatched duplexes – of between 2.1
and 19 are observed (Fig. 4). Consistent with these results, duplex formation with
mismatched RNA targets is associated with less pronounced hypsochromic and
hyperchromic shifts of pyrene absorption peaks than with complementary RNA targets
(Table 5 and Fig S9†). This strongly suggests that the pyrene moieties of ON7–ON10
intercalate more readily into mismatched duplexes, leading to nucleobase-mediated
quenching of fluorescence.

Thus, DNA probes with central LYLYL-motifs are base-discriminating probes that can
discriminate between complementary and mismatched targets at non-stringent conditions,
i.e., conditions where mismatched duplexes are formed (Fig. 5). These properties render the
title probes as promising SNP-discriminating RNA detection probes.
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Conclusions
LNA monomers significantly influence the photophysical properties of flanking 2'-O-
(pyren-1-yl)methyluridine Y monomers both in single-stranded probes and duplexes.
Specifically, DNA strands with central LYLYL motifs display between 19- to 119-fold
increases in emission intensity upon RNA binding, while corresponding “LNA-free” probes
only result in 0.4- to 1.6-fold intensity changes. Although LNA-induced positional tuning of
flanking reporter groups has been previously pursued,45–47 the current study represents the
first example where this strategy has resulted in such dramatic and general changes in probe/
duplex properties. The observed RNA-induced intensity increases for the LYLYL probes are
up to an order of magnitude greater than for the synthetically more complex Glowing
LNA,19,24,36 Y-modified RNA,16,22 or other pyrene-based hybridization
probes.15,17,18,20,21,23,25–27 Moreover, the probes display excellent fluorescent
discrimination of centrally mismatched RNA targets under non-stringent conditions
(discrimination factors between 2.1 and 19). The above characteristics were observed in all
eight probes containing the LYLYL motif, underscoring the robustness of this motif as a
component of SNP-discriminating RNA detection probes.

Considerable efforts have been devoted in recent years to the design, synthesis and
characterization of elaborate nucleotide monomers in the search of building blocks that
confer new function to nucleic acids. The current study demonstrates that a combination of
existing and synthetically more readily (or even commercially) available building blocks can
result in oligonucleotides-based probes with unprecedented photophysical properties. Given
the plethora of chemically modified nucleotide monomers developed for therapeutic,55–58

diagnostic,1,10,28,29,59 and other applications,60–63 it is highly probable that other
combinations of structure-tuning and fluorophore-functionalized monomers will be
identified for applications in nucleic acid diagnostics. Studies along these lines are ongoing
in our laboratory.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of 2'-O-(pyren-1-yl)methyluridine, conventional LNA, and Glowing LNA
monomers.
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Figure 2.
Steady-state fluorescence emission spectra of ON1–ON3 and the corresponding duplexes
with DNA/RNA targets. Spectra were recorded at T = 5 °C using λex = 350 nm and each
strand at 1.0 µM concentration in Tm buffer.
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Figure 3.
Fluorescence intensity of ON3–ON6 and the corresponding duplexes with DNA or RNA
targets as measured at λem = 376 nm. Hybridization-induced increases/decreases – defined
as the intensity ratio between a duplex and single-stranded probe (SSP) – are listed above
corresponding histograms. Spectra were recorded at T = 5 °C using λex = 350 nm and each
strand at 1.0 µM concentration in Tm buffer. For spectra, see Figs. 2 & S2†.
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Figure 4.
Fluorescence intensity of single-stranded probes and duplexes with complementary or
centrally mismatched RNA targets as measured at λem = 376 nm (mismatched nucleotide
listed in parenthesis). Hybridization-induced increases (defined as the intensity ratio
between a matched duplex and single-stranded probe) and discrimination factors (defined as
the intensity ratio between a matched and mismatched duplex) are listed above the
corresponding histograms. Spectra were recorded at T = 5 °C using λex = 350 nm and each
strand at 1.0 µM concentration in Tm buffer. For spectra, see Fig S6†.
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Figure 5.
Principle of SNP-discriminating RNA detection probes reported herein. Upper: Y-modified
‘LNA-free’ reference probes do not result in substantial fluorescence changes upon
hybridization with RNA targets due to intercalation of pyrene. Lower: DNA strands with
alternating incorporations of LNA and Y monomers result in large hybridization-induced
increases in emission with complementary RNA (pyrene in minor groove) but not with
mismatched targets (intercalation of pyrene). Droplets represent pyrene moiety of monomer
Y. ‘L’, ‘cRNA’ and ‘mmRNA’ denote conventional LNA monomer, complementary RNA,
and centrally mismatched RNA target, respectively.
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Table 1

Thermal denaturation temperatures (Tm's) of duplexes between ON1–ON3 and complementary DNA/RNA

targets.a

Tm [ΔTm]/°C

ON Sequence +DNA +RNA

ON1a 5'-GTG aTa TGC 37.0 [+7.5] 41.0 [+14.5]

ON1b 5'-GTG AYA TGC 42.0 [+12.5] 31.0 [+4.5]

ON1c 5'-GTG aYa TGC 37.0 [+7.5] 35.0 [+8.5]

ON2a 3'-CAC TaT CAC 33.0 [+3.5] 34.0 [+9.5]

ON2b 3'-CAC YAY ACG 46.0 [+16.5] 27.0 [+2.5]

ON2c 3'-CAC YaY ACG 35.0 [+5.5] 21.0 [−3.5]

ON3a 3'-CAc TaT aCG 43.5 [+14.0] 50.5 [+26.0]

ON3c 3'-CAc YaY aCG 32.5 [+3.0]b 24.5 [±0.0]b

a
Tm's determined as the maximum of the first derivative of thermal denaturation curves (A260 vs T) recorded in medium salt buffer ([Na+] = 110

mM, [Cl−] = 100 mM, pH 7.0 (NaH2PO4/Na2HPO4)), using 1.0 µM of each strand. Tm's are averages of at least two measurements within 1.0 °C

unless otherwise noted. ΔTm = change in Tm relative to unmodified reference duplexes, which have the following values (DNA/RNA): 29.5/26.5

°C (ON1 ref) and 29.5/24.5 °C (ON2 & ON3 ref). A = adenin-9-yl DNA monomer, C = cytosin-1-yl DNA monomer, G = guanin-9-yl DNA
monomer, T = thymin-1-yl DNA monomer, a = adenin-9-yl LNA monomer, c = 5-methylcytosin-1-yl LNA monomer, g = guanin-9-yl LNA
monomer, t = thymin-1-yl LNA monomer. For structures of LNA and Y monomers, see Fig. 1.

b
Broad transition (Fig. S1†). Error of Tm value estimated at ±3.0 °C.
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Table 2

Thermal denaturation temperatures (Tm's) of duplexes between ON4–ON6 and complementary DNA/RNA

targets.a

Tm [ΔTm]/°C

ON Sequence +DNA +RNA

ON4a 3'-CAc TtT aCG 43.5 [+12.5] 50.0 [+21.5]

ON4b 3'-CAC YTY ACG 34.5 [+3.5] 22.5 [−6.0]

ON4c 3'-CAc YtY aCG nt 26.5 [−2.0]b

ON5a 3'-CAc TcT aCG 48.5 [+12.5] 61.0 [+23.5]

ON5b 3'-CAC YCY ACG 39.0 [+3.0] 27.0 [−10.5]

ON5c 3'-CAc YcY aCG 37.0 [+1.0] 46.5 [+9.0]

ON6a 3'-CAc TgT aCG 50.0 [+13.0] 56.5 [+23.0]

ON6b 3'-CAC YGY ACG 47.0 [+10.0] 29.0 [−4.5]

ON6c 3'-CAc YgY aCG 31.0 [−6.0] 37.5 [+4.0]

a
Unmodified reference duplexes display the following Tm's (DNA/RNA): 31.0/28.5 °C (ON4 ref), 36.0/37.5 °C (ON5 ref), and 37.0/33.5 °C (ON6

ref). “nt” denotes no transition. For experimental conditions and definitions, see Table 1.

b
Broad transition. Error of Tm value estimated at ±3.0 °C.
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Table 3

Pyrene absorption maxima for ON1–ON6 and the corresponding duplexes with DNA and RNA targets.a

λmax [Δλ] (nm)

ON Sequence SSP +DNA +RNA

ON1b 5'-GTG AYA TGC 348 352 [+4] 352 [+4]

ON2b 3'-CAC YAY ACG 349 352 [+3] 352 [+3]

ON4b 3'-CAC YTY ACG 349 352 [+3] 351 [+2]

ON5b 3'-CAC YCY ACG 349 352 [+3] 350 [+1]

ON6b 3'-CAC YGY ACG 352 352 [±0] 352 [±0]

ON1c 5'-GTG aYa TGC 347 351 [+4] 343 [−6]

ON2c 3'-CAC YaY ACG 348 352 [+4] 351 [+3]

ON3c 3'-CAc YaY aCG 344 351 [+7] 342 [−2]

ON4c 3'-CAc YtY aCG 346 345 [−1] 343 [−3]

ON5c 3'-CAc YcY aCG 348 352 [+4] 342 [−6]

ON6c 3'-CAc YgY aCG 346 352 [+6] 343 [−3]

a
Δλ = shift in absorption maximum relative to single-stranded probe (SSP). T = 5 °C; each strand used at 1.0 µM concentration in Tm buffer.
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