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ABSTRACT: The luminescence of rac-[Ru(bpy)2(dppz)]
2+ (bpy = 2,2′-

bipyridine and dppz = dipyrido[3,2-a:2′,3′-c]phenazine) was explored in
the presence of RNA oligonucleotides containing a single RNA mismatch
(CA and GG) in order to develop a probe for RNA mismatches. While
there is minimal luminescence of [Ru(bpy)2(dppz)]

2+ in the presence of
matched RNA due to weak binding, the luminescence is significantly
enhanced in the presence of a single CA mismatch. The luminescence
differential between CA mismatched and matched RNA is substantially
higher compared to the DNA analogue, and therefore,
[Ru(bpy)2(dppz)]

2+ appears to be also a sensitive light switch probe
for a CA mismatch in duplex RNA. Although the luminescence intensity
is lower in the presence of RNA than DNA, Förster resonance energy
transfer (FRET) between the donor ruthenium complex and FRET
acceptor SYTO 61 is successfully exploited to amplify the luminescence in the presence of the mismatch. Luminescence and
quenching studies with sodium iodide suggest that [Ru(bpy)2(dppz)]

2+ binds to these mismatches via metalloinsertion from the
minor groove. This work provides further evidence that metalloinsertion is a general binding mode of octahedral metal
complexes to thermodynamically destabilized mismatches not only in DNA but also in RNA.

■ INTRODUCTION

RNA has many important and complex roles in cellular
processes, and the development of luminescent probes for RNA
could lead to a greater understanding of these roles. The study
of protein processes has been facilitated by the family of green
fluorescent proteins (GFP); however, there are no intrinsically
fluorescent RNA motifs for studying RNA processes. There-
fore, several approaches have been developed for tagging RNA
with fluorescent probes.1 Recently, RNA mimics of green
fluorescent protein have been reported where nonfluorescent
dyes become fluorescent upon binding to a RNA aptamer
selected by systematic evolution of ligands by exponential
enrichment (SELEX).2 However, the rational design of a
selective luminescent probe for RNA is made difficult by the
complexity of RNA structures.
There is growing evidence that RNA base mismatches have

an important biological function as they often occur in
phylogenetically conserved regions.3,4 For example, a CA
RNA mismatch is common in group I introns but not rRNAs
in a database of RNA secondary structures.5 In addition, the
role of RNA mismatches in the active sites of catalytic RNA and
in RNA-protein and RNA−RNA binding has been reported.4,6,7

A luminescent probe for RNA mismatches may provide greater
insight into these cellular processes and the role of RNA
therein. Here, we examine the luminescence of an octahedral
metal complex in the presence of RNA mismatches.
Our laboratory has developed a series of octahedral metal

complexes for targeting DNA base mismatches and explored
their potential as cancer diagnostic and therapeutic agents.8−10

We have reported that rhodium complexes with sterically

expansive ligands, such as [Rh(bpy)2(chrysi)]
3+ (chrysi =

chrysene-5,6-quinone diimine), bind specifically to DNA
mismatches as the chrysi ligand is too wide to intercalate into
well-matched DNA.11 Instead, the complexes bind via metal-
loinsertion, where the chrysi ligand inserts into the
thermodynamically destabilized mismatch site from the minor
groove and the mismatched base pair is ejected into the major
groove.12 The binding affinity of the rhodium complex is
correlated with the thermodynamic destabilization of the
mismatch, and the complex recognizes 80% of mismatched
sites in all sequence contexts.11

We have also been interested in developing luminescent
analogues of the rhodium metalloinsertors, and we have
investigated ruthenium complexes as potential luminescent
probes for DNA base mismatches. It is well-known that
[Ru(bpy)2(dppz)]

2+ (Figure 1, dppz = dipyrido[3,2-a:2′,3′-
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Figure 1. Chemical structure of [Ru(bpy)2(dppz)]
2+.
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c]phenazine) behaves as a light switch for well-matched DNA.
Hydrogen bonding interactions between the phenazine nitro-
gen atoms of the dppz ligand and solvent quench the
luminescence; however, the phenazine nitrogens are protected
from solvent upon intercalation of the dppz ligand into DNA
switching on the luminescence.9 While crystal structures show
intercalation between matched base pairs from the minor
groove,13,14 solution studies by us are consistent with
intercalation from the major groove,15 similar to that seen for
other metallointercalators.16 Solution studies by others have
proposed complex binding from the minor groove,17 and
therefore, the energetic difference between binding from the
major and minor groove must be small.
More recently, we reported that the luminescence of

[Ru(bpy)2(dppz)]
2+ is enhanced in the presence of a DNA

mismatch and is correlated to the thermodynamic destabiliza-
tion of the mismatch, suggesting metalloinsertion is the binding
mode at the mismatch site.10 A recent X-ray crystal structure of
Δ-[Ru(bpy)2(dppz)]2+ bound to an oligonucleotide containing
two AA mismatches confirmed that the complex does bind to
both mismatch sites by metalloinsertion;13 the complex inserts
the dppz ligand from the minor groove, and the mismatched
AA base pairs are ejected. Therefore, metalloinsertion is a
general binding mode for targeting DNA base mismatches.
While the luminescence of [Ru(bpy)2(dppz)]

2+ is enhanced
in the presence of a DNA mismatch, the luminescence
differential between mismatched and matched DNA is only
1.5−3 fold, due to the strong intercalative binding of the
complex to matched B-form DNA.10 In contrast,
[Ru(bpy)2(dppz)]

2+ only binds weakly to matched A-form
RNA,9 and therefore, the luminescence differential for RNA
mismatches may be improved compared to DNA mismatches.

■ EXPERIMENTAL SECTION
Materials. All reagents and solvents were purchased from

commercial suppliers and used without further purification. Ultrapure
DNase/RNase free distilled water (not treated with diethyl
pyrocarbonate), RNaseZap, and the SYTO Red Fluorescent Nucleic
Acid Stains were purchased from Invitrogen. The RNA oligonucleo-
tides 5′-GUC AXG AGA GCC UCA AAU CUC YUG AC-3′ [XY =
CG, CA, GG] were purchased from Integrated DNA Technologies
(IDT). The DNA oligonucleotides 5′-GTC AXG AGA GCC TCA

AAT CTC YTG AC-3′ [XY = CG, CA] were synthesized on an ABI
3400 DNA synthesizer (Applied Biosystems) and purified as
previously reported.18 [Ru(bpy)2(dppz)]Cl2 was synthesized accord-
ing to literature procedures.9

Methods. RNase Free Conditions. To prevent degradation of the
RNA oligonucleotides, RNase free conditions were maintained, and
solutions of the RNA oligonucleotides were stored at −80 °C when
not in use. The aqueous buffer (5 mM Tris, pH 7.5, 50 mM NaCl) was
made using DNase/RNase free distilled water. Glassware was
decontaminated with RNaseZap then rinsed with DNase/RNase free
distilled water and ethanol prior to use.

Oligonucleotide Preparation. The lyophilized oligonucleotides
were resuspended in aqueous buffer (5 mM Tris, pH 7.5, 50 mM
NaCl), and the single-stranded concentration was quantified by
measuring the absorbance at 260 nm using estimated extinction
coefficients obtained from IDT. The oligonucleotides were annealed
into the hairpin structure by heating at 90 °C for five minutes then
cooling to room temperature over 1.5 h.

Spectroscopy. UV−visible absorption spectra were recorded on a
Beckman DU 7400 UV−visible spectrophotometer (Beckman
Coulter). The concentrations of [Ru(bpy)2(dppz)]

2+ (ε = 16 100
M−1 cm−1 at 444 nm) and ethidium bromide (ε = 5680 M−1 cm−1 at
476 nm) were determined by UV−visible absorption spectroscopy.
Melting temperature experiments were carried out in triplicate on a
Cary100 Bio UV−visible spectrophotometer by measuring the
absorbance at 260 nm of 1.5 μM RNA in 5 mM Tris, pH 7.5, and
50 mM NaCl. The melting temperatures were determined by fitting
the data using the Boltzmann function in OriginPro 8.5. Errors are
estimated to be ±1 °C.

Circular dichroism spectra were recorded on an Aviv model 62A DS
circular dichroism spectrometer in 5 mM Tris, pH 7.5, and 50 mM
NaCl. [RNA] = 1.5 μM, [Ru] = 0 μM or 1.5 μM. The blank was
subtracted. A baseline correction was made by averaging the last five
data points, and the data were smoothed using the two-point adjacent
average smoothing function in OriginPro 8.5.

Luminescence spectra were recorded on an ISS-K2 spectrofluor-
ometer in 5 mM Tris, pH 7.5, and 50 mM NaCl at ambient
temperature in aerated solut ions . Samples containing
[Ru(bpy)2(dppz)]

2+ (0.5 μM or 1 μM) were excited at 440 nm, and
the emission intensity was integrated from 560 to 800 nm. Samples
containing ethidium bromide (100 nM) were excited at 512 nm, and
the emission intensity was integrated from 540 to 800 nm.
Experiments were performed at least three times, and the standard
deviations were calculated.

Figure 2. Plots of integrated emission intensities (λex 440 nm) of rac-[Ru(bpy)2(dppz)]
2+ (0.5 μM) in the presence of increasing concentrations of

hairpin oligonucleotides (RNA, left; DNA, right) containing mismatches (0−2 μM) in 5 mM Tris, pH 7.5, and 50 mM NaCl. The sequences of the
RNA (left) and DNA (right) hairpins are shown above. Error bars indicate standard deviations for at least three replicates.
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■ RESULTS
RNA Hairpins. The oligonucleotide sequences used to

study the binding of [Ru(bpy)2(dppz)]
2+ to RNA are shown in

Figure 2. The 26-mer oligonucleotides are designed to fold into
a hairpin structure with a single base mismatch at the center of
the duplex. Previously we have reported that the luminescence
intensity of [Ru(bpy)2(dppz)]

2+ bound to DNA mismatches is
correlated to the relative thermodynamic stability of the
mismatch.10 To investigate whether this is also the case for
RNA mismatches, two mismatches (CA and GG) were first
examined, as they were expected to have varying thermody-
namic stabilities. Circular dichroism (CD) experiments were
carried out to ensure that all of the RNA hairpins were in the
same A-RNA conformation, and the spectra were seen to be
very similar (Figure S1).
Melting temperature experiments revealed that the hairpins

containing a single mismatch are thermodynamically destabi-
lized compared to the well-matched hairpin; the mismatches
cause a 15−16 °C decrease in duplex melting temperature
(Table 1, Figure S2). The two mismatched hairpins have

similar melting temperatures within experimental error. While
the melting temperature gives an indication of the thermody-
namic stability of the duplex, consideration of other
thermodynamic parameters, such as Gibbs free energy, is useful
for determining the thermodynamic destabilization of the two
mismatches. Based on Gibbs free energies determined for
similar RNA duplexes with mismatches,5,19 we predict the
stability of the mismatches is GG > CA.
Steady State Luminescence of [Ru(bpy)2(dppz)]

2+

Bound to RNA Mismatches. The steady state luminescence
of 0.5 μM rac-[Ru(bpy)2(dppz)]

2+ was measured in the
presence of increasing concentrations of matched and
mismatched RNA (0−2 μM) in an aqueous buffer. The
luminescence of [Ru(bpy)2(dppz)]

2+ in the presence of
matched RNA is very low; little binding in the hairpin loop
is apparent. However, the luminescence is enhanced in the
presence of the CA and GG mismatches (Figure 2).20

At 2 μM RNA, the luminescence differential between
matched and mismatched RNA is 5.8 and 1.6 fold for the
CA and GG mismatches, respectively. The luminescence
differential for the CA RNA mismatch is significant given that
the ruthenium luminescence is typically only enhanced 1.5−3
fold in the presence of DNA mismatches.10 To investigate this
further, analogous experiments were carried out with matched
and CA mismatched DNA hairpins with identical sequences to
the RNA hairpins (Figure 2).21 In contrast to RNA, the
luminescence differential between matched and CA mis-
matched DNA is less than 1.5 fold at 2 μM. In addition, the
emission intensity for both DNA hairpins is significantly higher,
and binding saturation occurs at a much lower concentration
than for the analogous RNA hairpins.

As [Ru(bpy)2(dppz)]
2+ is a “light switch” molecule,

luminescence is only observed when the dppz ligand is
protected within the base stack. To investigate whether
intercalation or metalloinsertion is the cause of the enhanced
luminescence with a RNA mismatch, fluorescence studies with
the known intercalator ethidium bromide were carried out
(Figure 3). The fluorescence of ethidium bromide (0.1 μM)

increases over 5 fold in the presence of 2 μM matched RNA.
However, the fluorescence is greatly reduced in the presence of
a mismatch, suggesting that ethidium bromide binds to these
hairpins with lower affinity than the matched analogue. This
contrasts with previous results with DNA where ethidium
bromide binds to matched and mismatched DNA with similar
affinity.10 Nevertheless, it is clear that ethidium bromide does
not report the presence of RNA mismatches by enhanced
luminescence like [Ru(bpy)2(dppz)]

2+.
On the basis of these results and the very weak intercalative

binding of ruthenium to the matched RNA hairpin, it is unlikely
that the enhanced luminescence of [Ru(bpy)2(dppz)]

2+ in the
presence of a RNA mismatch results from intercalation of the
complex. A RNA conformational change upon ruthenium
binding to the mismatched RNA hairpins has also been
discounted since the CD spectrum of the CA mismatch is
unchanged in the presence of [Ru(bpy)2(dppz)]

2+ (Figure S1).
Instead, we propose that [Ru(bpy)2(dppz)]

2+ binds to the CA
and GG mismatched RNA hairpins via metalloinsertion, and
this binding mode is the source of the enhanced luminescence
in the presence of RNA mismatches. Further evidence for
metalloinsertion as the binding mode is that the relative
luminescence of the CA and GG mismatches is consistent with
the predicted thermodynamic destabilization of the mismatch;
the highest luminescence intensity is observed with the more
thermodynamically destabilized CA mismatch. This correlation
has been previously attributed to the binding of
[Ru(bpy)2(dppz)]

2+ and [Rh(bpy)2(chrysi)]
3+ to DNA mis-

matches via metalloinsertion from the minor groove.10,11 Since
A-form RNA has a narrower major groove and wider minor
groove compared to B- form DNA, presumably ,
[Ru(bpy)2(dppz)]

2+ also inserts into RNA mismatches from
the minor groove rather than the major groove.

Table 1. Melting Temperatures of RNA Hairpinsa

RNA Hairpin Tm (°C)

M 73
CA 58
GG 57

a1.5 μM RNA (5 mM Tris, pH 7.5, 50 mM NaCl). The matched (M)
and mismatched (CA, GG) oligonucleotides shown in Figure 2 were
used. Errors are estimated to be ±1 °C.

Figure 3. Plots of integrated emission intensities (λex 512 nm) of
ethidium bromide (0.1 μM) in the presence of increasing
concentrations of RNA hairpins containing mismatches (0−0.4 μM)
in 5 mM Tris, pH 7.5, and 50 mM NaCl. Hairpins: M (black), CA
(red), GG (blue). Error bars indicate standard deviations in the
measurements calculated for three replicates.
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Quenching Studies with NaI. We have proposed that
[Ru(bpy)2(dppz)]

2+ binds to the CA RNA hairpin via
metalloinsertion from the minor groove. To investigate this
further, quenching studies with the anionic luminescent
quencher iodide were carried out. The ability of iodide to
quench the luminescence of [Ru(bpy)2(dppz)]

2+ is dependent
on accessibility to the complex in the presence of the polyanion
RNA.22 In contrast to DNA, the wider and shallower minor
groove of RNA is expected to be more accessible than the
major groove, and therefore, greater iodide quenching might be
expected of [Ru(bpy)2(dppz)]

2+ bound from the minor groove.
In order to account for the increased ionic strength in the
presence of the quencher, a constant ionic strength was
maintained by the addition of the nonquencher KCl.
The luminescence of [Ru(bpy)2(dppz)]

2+ bound to the CA
RNA hairpin significantly decreases upon the addition of 100
mM KCl as the increased ionic strength inhibits complex
binding. Therefore, the concentration of both the complex and
RNA was increased to 1 μM to obtain measurable
luminescence in the presence of KCl (Figure 4). The

luminescence decreases even further in the presence of the
quencher (100 mM NaI), suggesting that [Ru(bpy)2(dppz)]

2+

is binding to the mismatch from the more accessible minor
groove. As a control, analogous experiments were carried out
with the matched RNA hairpin. Consistent with earlier results,
the luminescence of [Ru(bpy)2(dppz)]

2+ in the presence of the
matched RNA hairpin is very low, even at the higher ruthenium
and RNA concentrations, and the addition of 100 mM KCl
leads to the expected luminescence decrease. However, it is
difficult to draw definitive conclusions about the effect of the
quencher iodide as the emission is very low at the higher ionic
strength. On the basis of these results, quenching experiments
with the GG mismatched hairpin were not carried out as
similarly low levels of luminescence were expected.

Luminescence Amplification through Förster Reso-
nance Energy Transfer. While [Ru(bpy)2(dppz)]

2+ has
improved luminescence differential in the presence of the CA
RNA mismatch compared with the DNA analogue, the
luminescence intensity is very low due to weaker binding to
RNA. However, the luminescence can be amplified through
Förster resonance energy transfer (FRET) between the donor
[Ru(bpy)2(dppz)]

2+ and a suitable acceptor fluorophore with
an excitation wavelength of around 600 nm, the emission
wavelength of [Ru(bpy)2(dppz)]

2+ upon excitation at 440 nm.
SYTO 61 from the nucleic acid stain SYTO Red series was
chosen as the acceptor fluorophore. FRET between the
ruthenium donor (0.5 μM) and SYTO acceptor (1 μM) is
observed upon excitation at 440 nm in the presence of the CA
RNA mismatch (0.5 μM, Figure 5a). The emission maximum is
red-shifted, and the intensity increases approximately 3 fold,
features consistent with the ruthenium donor emission being
replaced by SYTO 61 emission. For comparison, a RNA
concentration of approximately 2 μM would be required to
achieve similar levels of luminescence in the absence of SYTO
61.
Luminescence amplification through FRET using SYTO 61

was also investigated with the other hairpins (Figure 5). While
relatively low levels of luminescence are observed with the
matched and GG RNA hairpins in the absence of SYTO 61, the
luminescence is significantly enhanced in the presence of SYTO
61, and the emission maximum is also red-shifted as with the
CA RNA hairpin (Figure 5a). However, control experiments
with the RNA hairpins and SYTO 61 in the absence of

Figure 4. Plots of integrated emission intensities (λex 440 nm) of rac-
[Ru(bpy)2(dppz)]

2+ (1 μM) with matched and CA mismatched RNA
(1 μM) in the presence and absence of KCl or NaI (100 mM) in 5
mM Tris, pH 7.5, and 50 mM NaCl. Error bars indicate standard
deviations for at least three replicates.

Figure 5. (a) Emission spectra and (b) integrated emission intensities (λex 440 nm) of rac-[Ru(bpy)2(dppz)]
2+ (0.5 μM) with matched and

mismatched RNA (0.5 μM) in the presence and absence of SYTO 61 (1 μM) in 5 mM Tris, pH 7.5, and 50 mM NaCl. Corrected = (Ru + RNA +
SYTO) − (RNA + SYTO). The numbers above the bars indicate the luminescence differential between mismatched and matched RNA.
Luminescence differential = (mismatched integrated emission intensity)/(matched integrated emission intensity). Error bars indicate standard
deviations for at least three replicates.
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[Ru(bpy)2(dppz)]
2+ reveal that the luminescence of SYTO

itself upon excitation at 440 nm contributes to the
luminescence amplification with the matched and GG RNA
hairpins. This increases the background luminescence signal,
and as a result, the luminescence differential between the CA
mismatch and matched RNA decreases from 4.5 to less than 3
fold in the presence of SYTO 61. However, the contribution
from SYTO only excitation can be corrected by subtraction,
and the luminescence for the matched RNA hairpin in the
presence of SYTO 61 is reduced to similar levels observed in
the absence of SYTO 61. As a result of this correction, the
luminescence differential for the CA RNA hairpin is
significantly improved to almost 8 fold, and the differential
for the GG RNA hairpin is also improved slightly to 1.5 fold.

■ DISCUSSION
While the DNA “light switch” behavior of [Ru(bpy)2(dppz)]

2+

is well established, studies with RNA have been limited due the
weaker binding and consequently lower luminescence of the
complex.9 In this work, we investigated the luminescence of
[Ru(bpy)2(dppz)]

2+ in the presence of a series of RNA hairpins
containing a single mismatch (CA and GG) at the center of the
duplex. These studies reveal that [Ru(bpy)2(dppz)]

2+ has
minimal luminescence in the presence of matched RNA but
there is a significant luminescent enhancement in the presence
of a RNA mismatch. In comparison, [Ru(bpy)2(dppz)]

2+ binds
to both matched and mismatched DNA, and therefore,
[Ru(bpy)2(dppz)]

2+ is a better luminescent probe for RNA
rather than DNA mismatches.
I t i s in te res t ing to compare the b ind ing of

[Ru(bpy)2(dppz)]
2+ to RNA with that of DNA. Due to the

“light switch” properties of [Ru(bpy)2(dppz)]
2+, binding to

both RNA and DNA is only observed by luminescence when
the dppz ligand is protected from solvent in the base stack.
However, DNA and RNA duplexes exist in different forms,
leading to different binding preferences for the complex (major
versus minor groove binding, intercalation versus metal-
loinsertion). This is most obvious when comparing the binding
of [Ru(bpy)2(dppz)]

2+ to matched RNA and DNA. The
complex binds strongly to B-form duplex DNA via intercalation
from the major groove,10 whereas it only binds weakly to A-
form well-matched duplex RNA.9 This results in the higher
emission intensities and lower binding saturation concen-
trations for DNA compared with RNA. Intercalative binding of
[Ru(bpy)2(dppz)]

2+ from the major groove to matched RNA is
less favorable since the major groove of A-form RNA is
narrower and deeper than B-form DNA. While the RNA minor
groove is wider and shallower, perceivably more conducive for
r u t h en i um b ind i ng , t h e l ow l um ine s c en c e o f
[Ru(bpy)2(dppz)]

2+ in the presence of matched RNA suggests
that intercalative binding from either groove is very weak.
Ruthenium binding to DNA and RNA mismatches appears

to be more similar as the ruthenium luminescence is enhanced
in both cases compared to the matched analogues. A recent
crystal structure of [Ru(bpy)2(dppz)]

2+ bound to an
oligonucleotide containing two AA DNA mismatches demon-
strated that, l ike the rhodium metalloinsertors,11

[Ru(bpy)2(dppz)]
2+ binds via metalloinsertion from the

minor groove at the mismatched sites with a conserved binding
geometry.13 Furthermore, the ruthenium luminescence is
correlated to the thermodynamic stability of the mismatch.10

In this work, higher ruthenium luminescence is observed with
the more thermodynamically destabilized CA RNA mismatch

compared with the GG mismatch, and therefore, we propose
that [Ru(bpy)2(dppz)]

2+ also binds to these RNA mismatches
via metalloinsertion. It is likely that metalloinsertion is from the
minor groove, like with DNA mismatches, based on quenching
studies with iodide and the narrow width of the RNA major
groove. Despite the structural differences between B-form DNA
and A-form RNA, this work suggests that metalloinsertion is a
general binding mode for targeting mismatches not only in
DNA, but also in RNA.
The luminescence differential between CA mismatched and

matched RNA is significantly improved compared with the
DNA analogues, since [Ru(bpy)2(dppz)]

2+ does not bind to
well-matched RNA. While the luminescence intensity is low
due to the weak binding of the complex to RNA even in the
presence of a mismatch, this can be amplified approximately 3
fold by exploiting FRET with SYTO 61. Furthermore, the
luminescence differential increases to almost 8 fold after
correcting for the emission of SYTO 61 bound to the CA RNA
hairpin in the absence of ruthenium. Therefore,
[Ru(bpy)2(dppz)]

2+ is a sensitive “light switch” probe for a
CA RNA mismatch. Interestingly, the CA RNA mismatch is a
prevalent RNA mismatch in a database of RNA secondary
structures containing rRNAs and group I introns.5 Thus, a CA
RNA mismatch could be exploited in a biological setting,
providing an RNA tag for targeting Ru luminescence.

■ CONCLUSIONS

[Ru(bpy)2(dppz)]
2+ appears to be a more effective luminescent

probe for RNA mismatches than for DNA mismatches. The
luminescence of [Ru(bpy)2(dppz)]

2+ is enhanced in the
presence of CA and GG RNA mismatches, while the complex
binds very weakly to matched RNA. In contrast, the complex
binds strongly to both matched and mismatched DNA. Hence
the differential luminescence associated with binding RNA
mismatches is enhanced. This work furthermore suggests that
[Ru(bpy)2(dppz)]

2+ binds to RNA mismatches via metal-
loinsertion from the minor groove. Therefore, metalloinsertion
is a general binding mode of octahedral metal complexes to
thermodynamically destabilized mismatches not only in DNA
but also in RNA.
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