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There is renewed interest in investigating triplex nucleic acids because triplexes may be 

implicated in a range of cellular functions. However, the stabilization of triplex nucleic acids is 

essential to achieve their biological functions. In contrast to triplex DNA, little has been reported 

concerning the recognition of triplex RNA by transition-metal complexes at present. We report 

here a ruthenium(II) polypyridyl complex, [Ru(bpy)2(mdpz)]
2+

 (bpy = 2,2′-bipyridine; mdpz = 

7,7'-methylenedioxyphenyl-dipyrido-[3,2-a:2',3'-c]phenazine) as a sensitive luminescent probe 

for poly(U)·poly(A)*poly(U), can strongly stabilize the triplex RNA from 37.5 to 53.1 
o
C in 

solution. The main results further advance our knowledge on the triplex RNA-binding by metal 

complexes, particularly ruthenium(II) complexes. 

 

Introduction 

Triplex nucleic acids, also called triplexes, are complexes of three oligonucleotide strands made 
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 2

from either RNA or DNA.
1-3

 Over the last decades, there is renewed interest in investigating 

triplex nucleic acids because triplexes may be implicated in a range of cellular functions, such as 

transcriptional regulation, post-transcriptional RNA processing and modification of chromatin.
4,5 

However, the stability of triplexes is much lower than that of the corresponding duplex due to 

Hoogsteen base pairing, which hinders the possible applications of triple helices.
6–10

 In this regard, 

small molecules able to recognize, bind and stabilize the specific sequences of the triple helical 

nucleic acid structures are of importance.  

In recent years, many natural and synthetic small molecules able to stabilize triplex DNA 

under physiological conditions have been reported.
11–14

 For example, neomycin as a groove 

binder, is the most effective aminoglycoside in stabilizing poly(T)•poly(A)*poly(T) (where 

•denotes the Watson-Crick base pairing and * denotes the Hoogsteen base pairing);
15

 the natural 

polyamines and their analogs are also capable of stabilizing triplex DNA;
16,17

 whereas the binding 

properties of [Ru(II)(1,10-phenanthroline)2L]
2+

 complexes {where L is 1,10-phenanthroline 

(phen), dipyrido[3,2-a:2',3'-c]phenazine (dppz) or benzodipyrido[3,2-a:2',3'-c]phenazine (bdppz)} 

to poly(T)•poly(A)*poly(T) indicated that third-strand stabilization depended on the nature of the 

third substituted phenanthroline chelate ligand.
18 

In contrast to triplex DNA, investigations on the 

stabilization of triplex RNA by small molecules are less well established, and studies at present 

are mainly focused on organic compounds
19–21

 and, to a far lesser extent, on metal complexes.
22,23

 

In addition, previous reports indicate that stabilization of triplex RNA can be achieved by the 

action of intercalators,
24,25

 in particular when covalently linked to the third strand.
26

 However, 

intercalators not covalently linked can either stabilize or destabilize triplex RNA.
27,28

 For 

example, the melting experiments suggest that ethidium,
29

 proflavine (PR)
22

 and its Pt-proflavine 
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 3

complex (PtPR)
22

 (Fig. 1) tend to destabilize the triplex, whereas some berberine analogs, such as 

BC1 [BC1 = 9–O–(ω-amino)–n-propyl–berberine] and BC2 [BC2 = 9–O–(ω-amino)–n-hexyl– 

berberine],
20

 could strongly enhance the stabilization of the triplex RNA structure by intercalation. 

Interestingly, some alkaloids including their derivatives, such as coralyne, berberine and 

palmatine,
24 

could stabilize the Hoogsteen base-paired third strand of the triplex almost without 

obvious affecting the stability of the duplex. These results reveal that small molecules effecting 

on the stabilization of triplex RNA are more complicated than previously thought.  

We recently reported that the complex, [Ru(bpy)2(mdpz)]
2+

 (Ru1, Fig. 1; Ru = ruthenium; 

bpy = 2,2′-bipyridine; mdpz = 7,7'-methylenedioxyphenyl-dipyrido[3,2-a:2',3'-c]phenazine), 

bound to double-helical DNA with high affinity through intercalation and could act as a sensitive 

luminescent probe for DNA.
30

 In light of the strong affinity of [Ru(bpy)2(mdpz)]
2+

 binding to 

DNA, in this paper we have investigated the interaction of this complex with 

poly(U).poly(A)*poly(U) to understand this complex effecting on the stabilization of 

poly(U)•poly(A)*poly(U) (Fig. 1). 

 

Results and discussion 

Emission titration 

Luminescence measurement was first performed to determine the binding sensitivity of the 

Ru-complex to the RNA triplex. Fig. 2 shows the result when the fluorescence of Ru1 is 

measured at 600 nm at different CUAU/CRu1 ratios {UAU stands for poly(U)·poly(A)*poly(U)}. 

Ru1 shows negligible fluorescence in the absence of poly(U)•poly(A)*poly(U) in phosphate 

buffer solution at 20 
o
C (Fig. 2, red line). It can be reasonably surmised that hydrogen bonding 

and/or excited state proton transfer to the phenazine nitrogens as the mechanism of deactivation 
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 4

of Ru1’s excited state, leading to Ru1 showing weak fluorescence, similar to the well-known 

“DNA light switch” complex, [Ru(bpy)2(dppz)]
2+

 {dppz = 

dipyrido–[3,2–a:2',3'–c]phenazine}.
31,32

 Upon first addition of the RNA triplex to Ru1 

(CUAU/CRu1 = 0.6), the fluorescence intensity of Ru1 is instantly enhanced around 5 times than 

that of the initial intensity, which indicates that the fluorescence of Ru1 is very sensitive to 

poly(U)•poly(A)*poly(U) and Ru1 may act as a true and sensitive luminescent probe for 

poly(U)•poly(A)*poly(U). Upon continuous addition of the triplex RNA to the Ru1-UAU system, 

the fluorescence intensity increases gradually and finally an increase in fluorescence leads to a 

maximal of 28 times at CUAU/CRu1 = 15.0. This observation may imply that there is a strong and 

effective overlap between the aromatic surface of Ru1 and the bases of poly(U)•poly(A)*poly(U) 

when Ru1 binding to the triplex RNA. Therefore, it’s difficult for Ru1 to access water molecules 

in the presence of the RNA triplex, resulting in Ru1 displaying more apparent fluorescence in 

comparison with Ru1 alone.
33

 

 

Electronic absorption spectral studies of the binding 

Small molecules interact with triplex nucleic acids via a number of mechanisms, such as 

intercalation, groove binding and electrostatic interactions.
34

 In general, small molecules with flat 

aromatic chromophore binding to triplexes usually results in hypochromism and bathchromism, 

due to the intercalation mode involving a π–π stacking interaction between the aromatic 

chromophore of the binding reagent and the base pairs of triplexes.
35

 To investigate the possible 

binding modes of Ru1 toward the triplex RNA, the interaction of Ru1 with 

poly(U)•poly(A)*poly(U) has been further performed with UV-Vis absorption spectra. Changes 

in the spectral profiles during titration are shown in Fig. 3. The electronic absorption spectra of 
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Ru1 alone is characterized by a metal to ligand charge-transfer (MLCT) transition band at 457 

nm and two intraligand (IL) absorption bands at 288 and 395 nm, respectively. Upon the addition 

of poly(U)•poly(A)*poly(U), the MLCT and IL absorptions of Ru1 exhibit significantly 

hypochromisms (H) although no obvious red shifts were observed (Table 1). The significantly 

hypochromisms reflect that a strong intermolecular interaction involving effective overlap of the 

π electron cloud of Ru1 with the base triplets, which may result from Ru1 intercalating into the 

base triplets.
23,24

 In addition, both polarity effects of the triplex and electron transfer from the 

base triplets may also contribute to the spectral changes of Ru1 to a certain extent. By fitting the 

absorption data
36

 at 395 nm, the equilibrium binding constant, Kb, is estimated to be (1.51 ± 0.35) 

× 10
6 

M
-1

, a similar order of magnitude to that reported for Ru1 binding with double-helical DNA 

((2.1 ± 0.1) × 10
6 

M
-1

).
30 

In addition, The binding constants Kb is smaller than that of so-called the 

triplex RNA-intercalative coralyne (4.0 × 10
6
 M

-1
),

24
 but is more higher than those of the partial 

intercalation of PRPt
22

 and alkaloid palmatine
24

 to the RNA triplex {1.3 × 10
4
 M

-1
 for PtPR and 

(8.0 ± 0.30) × 10
5
 M

-1 
for palmatine}. These indicate that the size and shape of small molecules 

have a significant effect on the binding affinities of small molecules toward the triplex RNA. 

Determination of the binding mode by viscosity studies 

To further clarify the binding mode of Ru1 toward poly(U)•poly(A)*poly(U), viscosity 

measurements has been carried out by varying the CRu/CUAU ratios. The effects of Ru1 on the 

relative viscosity of poly(U)•poly(A)*poly(U) are presented in Fig. 4. The observed initial 

decrease in the relative specific viscosity of the RNA triplex at low concentrations may be 

indicative of a Ru1-induced conformational change in the triplex, whereas the subsequent 

increase in the solution viscosity may result from the effects of intercalation.
37

 The initial 
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 6

decrease in the apparent molecular length of the RNA triplex may be indicative of a 

conformational change in the triplex induced by Ru1, which may arise from the 

complex-induced kink or bend in the helix, thereby reducing the effective molecular length of 

the RNA triplex. In addition, the viscosity of the RNA triplex–Ru1 system is different from 

that of the RNA triplex–PtPR.
22

 Concerning the metal complex PtPR, only a partially 

intercalated complex can be formed due to the platinum-containing residues prevent full 

penetration of the PR residue between base planes. Thus, PtPR results in no obvious changes 

of the viscosity of poly(U)•poly(A)*poly(U). The results indicate that the binding mode of 

Ru1 with poly(U)•poly(A)*poly(U) is intercalation and further suggest that the size and shape 

of metal complexes has a significant effect on the binding modes.  

 

Conformational aspects of the binding  

Conformational changes of the triplex RNA on binding of Ru1 and Ru2 was investigated by 

intrinsic circular dichroic studies. The intrinsic CD spectral pattern of poly(U)•poly(A)*poly(U) 

(Fig. 5) displays two distinct signals below 300 nm with a negative peak at about 240 nm and a 

positive peak at about 260 nm,
38

 which may be attributed to the stacking interactions between the 

base triplets and the helical structure of the triplex strands. In addition, Ru1 shows no intrinsic 

CD signals because it is a racemic compound. Therefore, any CD signals above 300 nm can be 

attributed to the interaction of Ru1 with the RNA triplex, and below 300 nm, any changes from 

the RNA spectrum are due either to the RNA induced CD of the complex or the complex induced 

perturbation of the RNA spectrum.
39

 Upon progressive addition of Ru1 to the RNA triplex 

solution (Fig. 6), the conformation of the RNA triplex was found to be clearly perturbed with 

strong emergence of three new CD signals at 272, 302 and 456 nm, revealing that Ru1 could bind 
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 7

with the chiral environment of the RNA triplex with a strong interaction. Therefore, the result 

indicate that Ru1 can induce the structural changes of the RNA triplex, which may be due to the 

intercalative ligand mdpz inserting deeply between the base pairs of the RNA triplex.
19

 

 

Effect of Ru1 on the stabilization of the triplex RNA  

A simple thermal melting experiment may be used to demonstrate the stabilization of a given 

structure by a small molecule.
40

 In particular, with triplexes, the binding specificity of a small 

molecule toward the Hoogsteen base-paired third strand or to the Watson-Crick base-paired 

duplex can be very clearly discriminated.
40 

In addition, the binding of a small molecule with 

nucleic acids may change the denaturation temperatures depending on the strength of its 

interactions with the different nucleic acid conformations.
18,35

 The denaturation curves of 

poly(U)•poly(A)*poly(U) in the absence and presence of Ru1 are presented in Fig. 7, and the 

quantitative data on the melting temperatures are summarized in Table 1. Ru1-free RNA melts in 

two well resolved sequential transitions: the first separation from the triplex occurs at about 37.5 

o
C (Tm1) corresponding to the dissociation of the RNA triplex to the poly(U)•poly(A) duplex and 

the poly(U) single strand, the second separation occurs at about 46 
o
C (Tm2) from the duplex 

strand separation, reflecting the denaturation of the remaining duplex poly(U)•poly(A) into its 

component single strands.
38

 The melting experiments indicate that Ru1 dose-dependently 

enhances the stabilization of the RNA triplex. Notably, Ru1 could slightly increases the thermal 

stability of the RNA triplex at CRu/CUAU below 0.08, whereas the stabilization of the RNA triplex 

registers remarkable enhancement at CRu/CUAU above 0.08, while exerting a thermal stabilizing 

influence on the triplex at a CRu/CUAU of 0.24 and stabilizes the Hoogsteen base paired third 

strand by about 15.6 
o
C. In addition, Ru1 tends to destabilize the third strand poly(U) when the 
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 8

ratios of CRu/CUAU are above 0.24 (data not shown). Taken all these results together, the binding 

mode of Ru1 to the RNA triplex is intercalation and Ru1 binds more strongly toward the third 

strand poly(U) than the duplex poly(U)•poly(A) at the ratios of CRu/CUAU are below 0.24. 

Furthermore, the above CD spectrum of poly(U)•poly(A)*poly(U) with Ru1 also confirms that 

Ru1 indeed stabilizes the triple helix.
23

 In this case, we presume that that the main ligand mdpz of 

Ru1 is intercalated with the two ancillary ligands bpy located in the minor groove of the triplex 

structure, thus stabilizing the third strand poly(U) by expansion of the stacking interaction. In 

addition, the cationic nature of Ru1 account for at least part of the triplex stabilization. Notably, 

the effect of Ru1 on the stabilization of poly(U)•poly(A)*poly(U) is obviously different from 

some alkaloids
24

, ethidium,
29

 proflavine and its metal complex PtPR.
38 

The previous 

investigations show that, ethidium, proflavine and its metal complex, tend to destabilize the 

Hoogsteen base-paired third strand poly(U) and to stabilize the duplex poly(U)•poly(A) of 

poly(U)•poly(A)*poly(U), whereas some alkaloids, such as berberine, palmatine and coralyne, 

can stabilize the Hoogsteen base-paired third strand of the triplex with no obvious affecting on 

the stability of the duplex. More recently, the mechanisms of the binding of coralyne toward 

poly(U).poly(A)*poly(U) indicate that coralyne is able to induce the triplex-to-duplex conversion 

and also the duplex-to-triplex conversion,
40

 which may explain why coralyne tend to stabilize the 

triplex. These reveal that the effects of small molecules on the stability of the triplex RNA are 

very complicated and sensitive to their structural features and interaction processes.  

 

 

Conclusions 
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The interaction of Ru1 with the RNA triplex poly(U).poly(A)*poly(U) has been studied by 

various biophysical techniques. Results obtained here indicate that Ru1 may act as a sensitive 

luminescent probe for poly(U)·poly(A)*poly(U) in solution and can obviously stabilize the 

Hoogsteen base-paired third strand of the triplex. This study further advance our knowledge on 

the triplex RNA-binding by metal complexes, particularly ruthenium(II) complexes. Future 

studies will aim to determine the exact mechanisms of action between Ru1 and the triplex RNA. 

Experimental section 

Materials 

Polynucleotide samples of double stranded poly(A)•poly(U) and single stranded poly(U) were 

obtained from Sigma-Aldrich Corporation (St. Louis, MO, USA) and were used as received. 

Poly(U)·poly(A)*poly(U)
23

 and Ru1
30

 were prepared as reported earlier. The concentration of 

poly(U)·poly(A)*poly(U) was determined optically using molar extinction coefficients, ε (M
-1

 

cm
-1

) reported in the literature.
24,38,41 

All titration experiments were conducted at 20 °C in pH 7.0 

phosphate buffer (6 mmol/L Na2HPO4, 2 mmol/L NaH2PO4, 1 mmol/L Na2EDTA, 19 mmol/L 

NaC1). 

 

Apparatus and measurements 

Emission titration. Emission titrations was carried out on a Perkin Elmer LS-55 luminescence 

spectrometer, and a dilute solution of Ru1 (2 uM) in phosphate buffer was excited at 470 nm. 

After each addition, the solution was mixed and allowed to re-equilibrate for at least 5 min before 

recording the curve. For all titrations, a small increase in the final volume (< 3%) of the sample 

occurred.  
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 10

Electronic absorption spectral studies of the binding. UV-vis spectra were collected using a 

Perkin-Elmer Lambda-25 spectrophotometer at 20 
o
C. A typical titration of Ru1 in phosphate 

buffer was performed by using a fixed Ru1 concentration, to which the RNA triplex stock 

solution was gradually added up to saturation. After each addition, the solution should be mixed 

and allowed to re-equilibrate for at least 5 min before recording the absorption spectra. The 

intrinsic binding constant Kb and the binding site s of Ru1 to the triplex RNA from absorbance 

titrations are calculated by using the following equation.
36

 

          

2 2( 2 [ ] / )

2

a f b t

b tb f

b b K C RNA s

K C

ε ε
ε ε

− − −
=

−
  (1a) 

1 [ ] / (2 )b t bb K C K RNA s= + +     (1b) 

where [RNA] is the concentration of poly(U)·poly(A)*poly(U) in the nucleotide phosphate and εa, 

εf and εb are the apparent, free and bound metal complex extinction coefficients, respectively. Kb 

is the equilibrium binding constant in M
−1

, Ct is the total metal complex concentration and s is the 

average binding size. When plotting (εa − εb)/(εf − εb) vs. [RNA], Kb is given by the ratio of the 

slope to the intercept.  

 

Determination of the binding mode by viscosity studies. Viscosity measurements were carried 

out using an Ubbelodhe viscometer maintained at a constant temperature of (20 ± 0.1) 
o
C in a 

thermostatic bath. The flow time was measured with a digital stopwatch, and each sample was 

tested by three times to get an average calculated time. Relative viscosities for the triplex RNA 

either in presence or absence of Ru(II) complexes were calculated as reported earlier.
41 

The 

relative increase in length, L/L0, may be obtained from the corresponding increase in relative 
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 11 

viscosity with the use of the equation, 
1

3

0 0

( )
L

L

η

η
= , where L and L0 are the contour lengths of 

triplex in the presence and absence of Ru(II) complexes, η is the viscosity of RNA in the 

presence of Ru(II) complexes, η0 is the viscosity of RNA alone.
  

Conformational aspects of the binding. Circular dichroic spectrum of the RNA triplex in the 

absence of Ru1 was performed with a Jasco-810 spectropolarimeter equipped with a 

thermoelectric cell temperature controller (model PFD 425S). A rectangular strain-free quartz cell 

of 1 cm path length was used. The CD spectra of the RNA triplex in the presence of the complex 

was recorded in phosphate buffer at 20 
o
C. After each addition of Ru1, the solution was mixed 

and allowed to re-equilibrate for at least 5 min before recording the CD spectra. Each spectrum 

was averaged from three successive accumulations and was baseline-corrected, smoothed and 

normalized to nucleotide phosphate concentration in the region 200-500 nm using the software 

supplied by Jasco. The molar ellipticity (θ) values are expressed in deg·cm
2
 dmol

- 

Effect of Ru1 on the stabilization of the triplex RNA. Thermal RNA denaturation experiments 

were carried out with a Perkin-Elmer Lambda-25 spectrophotometer equipped with a Peltier 

temperature-control programmer (± 0.1 
o
C). The temperature of the solution was increased from 

20 to 65 
o
C at a rate of 0.5 or 1.0 

o
C min

-1
, and the absorbance at 260 nm was continuously 

monitored for solutions of the RNA Triplex (30 µM) in the presence of different concentrations 

of Ru1. The data were presented as (A – A0)/(Af – A0) versus T (T = temperature}, where Af, A0, 

and A are the final, the initial, and the observed absorbance at 260 nm, respectively. The Tm value 

(Tm is defined as the temperature of melting) is obtained from the first derivative curve (dα/dT) (α 

= (A – A0)/(Af – A0)), and the manual curves gave identical values.  
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Captions for Figures 

Fig. 1 Chemical structures of proflavine (PR), Pt-proflavine complex (PtPR), Ru1 and the base 

pairing scheme in poly(U)•poly(A)*poly(U) (where •denotes the Watson-Crick base pairing and 

* denotes the Hoogsteen base pairing). 

Fig. 2 Representative fluorescence emission spectra of Ru1 (2.0 uM) treated with 

poly(U)·poly(A)*poly(U) in phosphate buffer (6 mmol/L Na2HPO4, 2 mmol/L NaH2PO4, 1 

mmol/L Na2EDTA, 19 mmol/L NaC1, pH 7.0) at 20 
o
C. [UAU] = 0–30 µM {UAU stand for 

poly(U)·poly(A)*poly(U)}. The arrow show the absorbance change upon an increasing 

poly(U)·poly(A)*poly(U) concentrations. Inset: plots of I/I0 versus [UAU]/[Ru], where I0 and I 

are the fluorescence intensities in the absence and presence of poly(U)·poly(A)*poly(U).  

Fig. 3 Representative absorption spectral changes of Ru1 (20 µM) in the presence of 

poly(U)•poly(A)*poly(U) in phosphate buffer at 20 
o
C. [UAU] = 0–36.3 µM. The arrows show 

the absorbance change upon an increasing poly(U)·poly(A)*poly(U) concentrations. Inset: plots 

of plotting (εa -εb)/(εf -εb) vs. [UAU] and the nonlinear fit. Solution conditions are the same as 

those described in the legend of Fig. 2. 

Fig. 4 Viscometric Ru1 titrations of poly(U)•poly(A)*poly(U) (153 µM) in phosphate buffer at 

20 
o
C. Solution conditions are the same as those described in the legend of Fig. 2. 

Fig. 5 Circular dichroic spectra of poly(U)•poly(A)*poly(U) (30.0 Μm, A) treated with Ru1 (B) 

in phosphate buffer at 20 
o
C. Solution conditions are the same as those described in the legend of 

Fig. 2. The arrows show CD signal changes upon an increasing Ru1 concentrations. 

Fig. 6 Melting curves of poly(U)•poly(A)*poly(U) (30 µM) in the absence and prescence of Ru1 

at different [Ru1]/[UAU] ratios. Solution conditions are the same as those described in the legend 

of Fig. 2. 
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Table 1 Binding constants (Kb), average binding site size (s), hypochromicity (H%) and 

bathochromic shifts of Ru1. 

Title λmax, free (nm) 
λmax, bound 

(nm) 

∆λ
a
 

(nm) 

H
b
 

(%) 

Kb
c
 

(× 10
6 

M
-1

) 
S

d
 

Ru1 
288 270 2 20.5 – – 

395 398 3 32.2 7.51 ± 0.89  2.54 ± 0.07 

 457 457 0 18.8 – – 

a 
∆λ represents the difference in wavelength of the IL and MLCT band of the metal complex 

between free and completely bound DNA states. 
b 

H% = (Afree – Abound)/Afree. 100% (A is the 

absorbance).
 c 

Kb was determined by monitoring the changes of absorption at the IL band at 392 

nm. d 
s is an average binding size.  
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Table 1 Melting Temperature (
o
C) for poly(U)•poly(A)*poly(U) in the absence and presence of 

Ru1; [Na
+
] = 35 mM. Tm1 and Tm2 correspond to triplex to duplex and duplex to single strand 

transitions, respectively. ∆Tm = [Tm of triplex-Ru1 - Tm of triplex]. 

Title/Complex             CRu/CUAU     Tm1 (
o
C)      Tm2 (

o
C)      ∆Tm1    ∆Tm2 

poly(U)•poly(A)*poly(U)          0          37.5         46.0         –      – 

poly(U)•poly(A)*poly(U) + Ru1 

 

 

 

 

0.01         40.0         50.2        3.5     4.2 

0.05         41.2         50.5        3.7     4.5 

0.08        41.5         51.0        4.0     5.0 

0.12         46.0         52.5        8.5     6.5 

0.16         51.7          –         14.2     – 

0.20         52.0          –         14.5     – 

0.24         53.1          –         15.6     –          
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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