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ABSTRACT: Stable triplexes play key roles in many bio-
logical processes. Due to the Hoogsteen base pairing, triplexes
are, however, thermodynamically less stable than the
corresponding duplexes. The poor stabilization of these
structures limits their practical applications under physiological
conditions. To understand the factors effect on the
stabilization of RNA triplexes by octahedral ruthenium(II)
complexes, the interactions of [RuL,(uip)]** {where L = 2,2'-
bipyridine (bpy) or 1,10-phenanthroline phen, uip = 2-(S-
uracil)-1H-imidazo[4,5-f][1,10]phenanthroline} with the
RNA triplex poly(U)epoly(A)*poly(U) are examined by
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spectrophotometry, spectrofluorometry, circular dichroism, and viscosimetry in this work. The main results obtained here
suggest that the third-strand stabilization depends on the hydrophobicity effects of ancillary ligands bpy and phen.

B INTRODUCTION

Nucleic acid triple helical structures (also called triplexes) were
originally discovered by Rich and co-workers as early as in
1957." Subsequently, both triple-strand DNA-type and RNA-
type structures have been prepared and studied by several
teams.” These structures, however, had not been given
biological relevance until the triple helix regions were found
to exist in H-DNA. After that, there has been renewed interest
in investigating triple helices because these novel structures
have been implicated as a possible means of controlling cellular
processes by endogenous or exogenous mechanisms,* " such
as post-transcriptional RNA processing, modification of
chromatin antigene therapy, and gene regulation. More
recently, the potential in vivo functions of triple helices have
been reviewed in detail by Prof. Bailey and co-workers, which
opens up new vistas in understanding genome biology and gene
regulation based on triple helices."”

Stable triplexes play key roles in many biological processes.®
Due to the Hoogsteen base pairing, triple helices are, however,
thermodynamically less stable than the corresponding duplexes.
For example, concerning the RNA triplex poly(U)epoly-
(A)*poly(U) (Figure 1, where ® denotes the Watson—Crick
base pairing and * denotes the Hoogsteen base pairing), the
third strand poly(U) separation from the triplex structure
occurs at about 37 °C, whereas the duplex strand poly(U)
epoly(A) separation occurs around 47 °C."* The poor stability
of these structures limits their practical use under physiological
conditions.>'*'* In this regard, small molecules able to
recognize, bind, and stabilize the specific sequences of triple
helices are of importance.'*'®
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Figure 1. Chemical structures of [Ru(bpy),(uip)]** (Rul), [Ru-
(phen),(uip)]** (Ru2), and the base pairing scheme in RNA triplex.

In recent years, many efforts have been initiated to use
natural and synthetic small molecules to modulate the
properties of triplex structures.'® Surprisingly and in contrast
to DNA triple helices, however, investigations of the
stabilization of RNA triple helices by small molecules at
present are less well established. Furthermore, most of these
studies are limited to organic compoundsU_23 and, to a far
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lesser extent, on metal complexes.'”“** The stabilization of

RNA triple helices can be achieved by the action of
intercalators,”® in particular, when covalently linked to the
third strand.*® However, intercalators not covalently linked can
either stabilize or destabilize RNA triplexes.léa’17 For example,
the melting experiments reveal that ethidium,'” proflavine
(PR), and its platinum(II)-proflavine complex (PtPR)"* tend
to destabilize the triplex, whereas berberine analogs20b are able
to strongly stabilize the Hoogsteen base-paired third strand of
RNA triplexes by intercalation. In addition, some alkaloids
stabilize the Hoogsteen base-paired third strand of RNA
triplexes almost without affecting the stability of the duplex,
such as berberine, palmatine, and coralyne.”>® These studies
reflect that the effect of the intercalative process and modes on
the stability of RNA triple helices is more complicated than
previously thought and very sensitive to the structure of the
bound compound. In our quest for small molecules for triple
helix stabilization, we recently reported that the ruthenium(II)
polypyridyl complex, [Ru(phen),(mdpz)]** {phen = 1,10-
phenanthroline; mdpz = 7,7’-methylenedioxyphenyl-dipyrido-
[3,2-a:2/,3'-c]-phen-azine}, may serve as a prominent molecular
“light switch” for poly(U)epoly(A)*poly(U) and stabilizes it by
intercalation.

It is well established that octahedral ruthenium(II)
polypyridyl complexes, due to a combination of easily
constructed rigid chiral structures spanning all three spatial
dimensions and a rich photophysical repertoire, prominent
DNA binding properties, and promising biological activity, have
attracted considerable attention in recent years.”® However,
interactions of octahedral ruthenium(II) polypyridyl complexes
with triplexes have come to the forefront.””*” Recently, Ji and
his co-workers reported that a Ru(II) polypyridyl complex
[Ru(bpy),(uip)]*" (Figure 1; bpy = 2,2"-bipyridine, uip = 2-(5-
uracil)-1H-imidazo[4,5-f ][ 1,10] phenanthroline) not only could
intercalate into CT-DNA base pairs with high affinity, but also
could bind with DNA topoisomerase II directly.*> What about
the binding behavior of this complex with triplexes? This will be
discussed in this paper.

To understand the effect of the factors on the stabilization of
RNA triplexes by octahedral ruthenium(I) complexes, [Ru-
(bpy),(uip)]** (Rul) is chosen in this work for study. For
comparison with Rul, a new complex, [Ru(phen),(uip)]**
(Ru2, Figure 1) has been synthesized and characterized.
Interactions of the two metal complexes with the RNA triplex
poly(U)epoly(A)*poly(U) are examined by spectrophotom-
etry, spectrofluorometry, circular dichroism, and viscosimetry.

B EXPERIMENTAL SECTION

Materials and Chemicals. Uip and cis-[Ru(bpy),(uip)](ClO,),,*
1,10-phenanthroline-5,6-dione,®" cis-[Ru(phen),Cl,]-2H,0, and cis-
[Ru(bpy),Cl,]-2H,0** were prepared according to literature
procedures. Polynucleotide samples of double-stranded poly(A)
epoly(U) and single-stranded poly(U) were obtained from Sigma-
Aldrich Corporation (St. Louis, MO, USA) and were used as received.
Formation of the triplex poly(U)epoly(A)*poly(U) was carried out as
reported earlier.’® The concentration of poly(U)epoly(A)*poly(U)
was determined optically using molar extinction coefficients, & (M™
em™!) reported in the literature.'>**3* All titration experiments were
conducted at 20 °C in pH 7.0 phosphate buffer (6 mmol/L Na,HPO,,
2 mmol/L NaH,PO,, 1 mmol/L Na,EDTA, 19 mmol/L NaCl). All
reagents and solvents were purchased commercially and used without
further purification unless specially noted, and ultrapure water was
used in all experiments.

Microanalyses (C, H, and N) were carried out on a Perkin—Elmer
240Q_elemental analyzer. 'H NMR spectra were recorded on an
Avance-400 spectrometer with de-DMSO as solvent at room
temperature and TMS (tetramethylsilane) as the internal standard.
Mass spectrometry was performed on an Autoflex III Maldi-Tof mass
spectrometer (Bruker) using DMSO as the mobile phase.

Synthesis of cis-[Ru(phen),(uip)1(ClO,),eH,0(Ru2). A mixture
of cis-[Ru(phen),CL,]-2H,0 (210 mg, 0.4 mM), uip (150 mg, 0.4
mM), and ethylene glycol (18 mL) was thoroughly deoxygenated. The
mixture was heated for 9 h at 150 °C under argon to give a dark red
solution. The solution was cooled to room temperature and an equal
volume of saturated aqueous sodium perchlorate solution was added
under vigorous stirring. The red solid was collected and washed with
small amounts of water, ethanol, and diethyl ether, respectively, and
then dried under vacuum and purified on a neutral alumina column
with MeCN—toluene (6:1, v/v) as eluant. Yield: 189 mg, 60%. Anal.
Caled for CuHyN,oCLORu-H,O: C, 48.92; H, 2.80; N, 15.30.
Found: C, 48.85; H, 2.92; N, 15.26. Maldi-Tof-MS (MeCN, m/z):
791.1 ([M]*), 891.1 ([M+ClO, ]*). UV A,./nm (¢/M™' cm™,
MeCN): 454 (24600), 264 (127900). "H NMR (ppm, DMSO-d,):
13.68 (s, 1H), 11.79 (d, ] = 16, 1H), 9.44 (d, ] = 8.0, 2H),9.01 (d, ] =
8.0, 1H), 8.76 (d, ] = 8.0, 4H), 8.42 (d, J = 8.0, 2H), 8.38 (s, 4H), 8.06
(d, J = 8.0, 4H), 8.00 (t, 2H), 7.96 (t, 2H), 7.75 (t, 2H).

Electronic Absorption Spectral Studies. UV—vis spectra were
collected using an Agilent spectrum Cary 100 spectrophotometer at 20
°C. A typical titration of each metal complex in phosphate buffer was
performed by fixing the metal complex concentration, to which the
RNA triplex stock solution is gradually added up to saturation. After
each addition, the solution should be mixed evenly and allowed to re-
equilibrate for at least 3 min before recording the absorption spectra.
The intrinsic binding constant K;, and the binding site s of each metal
complex toward the triplex from absorbance titrations are calculated by
the following equation:*

e — e b — (b — 2K,*C[RNA]/s)

& — & 2K, C, (1a)

1 + K,C, + K,[RNA]
2s (1b)

where [RNA] is the concentration of poly(U)epoly(A)*poly(U) in
the nucleotide phosphate and €, &, and &, respectively, are the
apparent, free, and bound metal complex extinction coeflicients. K, is
the equilibrium binding constant in M™", C, is the total metal complex
concentration, and s is the average binding size.

Luminescence Titration with the RNA Triplex. Luminescence
titrations was carried out a PTT Qm400 luminescence spectrometer at
20 °C, and a dilute solution of either Rul or Ru2 (2 uM) in phosphate
buffer was excited at 470 nm. After each addition of the RNA triplex,
the solution was mixed evenly and allowed to re-equilibrate for at least
3 min before recording the curve.

Fluorescence Quenching of the Metal Complex-Triplex
System with [Fe(CN)6]4_. Fluorescence quenching experiments
were carried out with the anionic quencher [Fe(CN)4]*™ at 20 °C.
For each measurement in addition to the normal buffer components,
different volume of KCI solution is added to keep the total ionic
strength of the system at a constant. The data are plotted as Stern—
Volmer plots of relative fluorescence intensity (Ip/I) versus [Q]
according to the Stern—Volmer equation®

I/, =1+ K,[Q]

where I, and I denote the fluorescence emission intensities in the
absence and presence of the quencher and [Q] stands for
[Fe(CN)¢]*™ concentration. K, is the Stern—Volmer quenching
constant.

Determination of the Binding Mode by Viscosity Studies.
Viscosity measurements were carried out using an Ubbelohde
viscometer maintained at a constant temperature of (20 + 0.1) °C
in a thermostatic bath. The flow time was measured with a digital
stopwatch, and each sample was measured three times to get an

b=
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average calculated time. Relative viscosities for the triplex RNA in
either the absence or presence of metal complexes were calculated
according to literature procedures reported earlier.”

Conformational Aspects of the Binding. Circular dichroic
spectrum of the RNA triplex in the absence and presence of each metal
complex was performed with a Jasco-810 spectropolarimeter at 20 °C.
After each addition of the metal complex, the solution was mixed
evenly 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—600 nm
using the software supplied by Jasco.

Thermal Denaturation Studies. Thermal RNA denaturation
experiments were carried out with an Agilent spectrum Cary 100
spectrophotometer equipped with a Cary 100 temperature-control
programmer (+0.1 °C). The temperature of the solution was
increased from 25 to 65 °C at a rate of 1.0 °C min~), and the
absorbance at about 260 nm was continuously monitored for solutions
of the RNA Triplex (31.5 uM) in the presence of different
concentrations of each metal complex. The data were presented as
(A = Ap)/(A; — Ay) vs T (T = temperature}, where A; Ay, and A,
respectively, are the final, the initial, and the observed absorbance at
260 nm. The thermal melting temperature (T,,) was obtained from the
first derivative curve (da/dT) (a = (A — Ay)/(A; — Ay))."**

Theoretical Calculations. The structural schematic diagrams of
the two metal complexes are given in Figure 1. The general structure
of each metal complex contains a Ru(Il) ion, two ancillary ligands
(bpy or phen), and a intercalative ligand uip. Calculations on the two
metal complexes with DFT methods were carried out according to the
reported procedures.>**

B RESULTS AND DISCUSSION

Electronic Absorption Spectral Studies. Electronic
absorption spectroscopy is an effective method to study the
interactions of small molecules with RNA triplexes.*® Aromatic
molecules binding with triplexes through intercalation usually
result in hypochromism and bathochromism, due to the
intercalative mode involving 7—7 stacking interactions between
an aromatic chromophore and the base pairs of triplexes.*' The
extent of hypochromism commonly parallels the binding
strength. Therefore, spectroscopic measurements were first
carried out.

Figure 2 shows representative absorption spectra for the two
metal complexes in the presence of the triplex poly(U)
epoly(A)*poly(U). The quantitative data on the binding are
listed in Table 1. The absorption spectra of the triplex are
subtracted from those of the mixtures. The two metal
complexes exhibit hypochromism throughout the entire
absorption region upon binding to the triplex. In the metal
to ligand charge transfer region (MLCT band) and the
intraligand (IL) uip absorption bands, no obvious red-shifts are
observed for the two metal complexes. Compared with Rul,
however, more obvious hypochromism in the MLCT and IL
bands of Ru2 at 265 and 455 nm (Figure 2B) indicates stronger
interaction between the nucleobases and Ru2.>***

To quantitatively compare the associations of the two
complexes with the triplex, the intrinsic binding constants (K)
and binding site size (s) are determined by monitoring the
absorption changes at the MLCT bands. The Kj, and s values of
Rul are (6.96 + 0.18) X 10° M™" and 1.41 + 0.08, respectively,
whereas the corresponding values of Ru2 are (13.54 + 2.23) X
10° M™" and 1.09 =+ 0.03, respectively. A remarkably higher K,
of Ru2—triplex suggests a higher binding affinity of Ru2 with
the triplex. A rather modest, smaller binding site size (s) further
suggests closer binding site for Ru2—triplex interaction,
indicating stronger association of Ru2 to the triplex compared
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Figure 2. Representative absorption spectral changes of Rul (A) and
Ru2 (B) in the presence of RNA triplex in phosphate buffer (6 mmol/
L Na,HPO,, 2 mmol/L NaH,PO,, 1 mmol/L Na,EDTA, 19 mmol/L
NaCl, pH 7.0) at 20 °C. [Rul] = [Ru2] = 20 uM. For Rul and
Ru2,UAU] = 0-87.7 and 0—116.6 uM, respectively. Where UAU
stands for the poly(U)epoly(A):poly(U). The arrows show the
absorbance change upon an increasing poly(U)epoly(A).poly(U)
concentration. Inset: plots of (e, — &,)/(¢ — &) vs [UAU] by
nonlinear fit.

with Rul. In addition, the Kj, values of the two complexes are
rather higher than that of the metal complex PtPR (1.3 X 10*
M), which binds to the triplex by a partial intercalation
mode.'*" Interestingly, the K, value of Rul has the same order
of magnitude as those reported for the triplex—alkaloid
interactions, such as berberine ((1.6 + 0.40) X 10° M™') and
palmatine ((8.0 + 0.30) x 10° M) Concerning berberine
and palmatine, both bind to the triplex by partial intercalation
too. Interestingly, the K, value of Ru2 has the same order of
magnitude as that of the so-called triplex—intercalator, coralyne
[(4.0 + 0.60) X 10° M~!].>** These indicate that the sizes and
shapes of small molecules have significant effects on the triplex
binding affinities.

Emission Titration. Luminescence measurement was
performed to further determine the binding sensitivity of the
two metal complexes to the triplex poly(U)epoly(A)*poly(U)
in phosphate buffer at 20 °C. The representative spectral
profiles of both complexes in the presence of the triplex are
shown in Figure 3. Both complexes are strongly fluorescent
molecules displaying emission spectra in the 510—790 nm
range when excited at 470 nm. Binding to CT-DNA and
topoisomerase II is known to remarkably enhance the

dx.doi.org/10.1021/ic5017565 | Inorg. Chem. 2014, 53, 11152—11159



Inorganic Chemistry

Table 1. Binding Constants (Kj), Average Binding Site Size (s), Hypochromicity (H), and Bathochromic Shifts (A1) of Rul and
Ru2

complex Ay, free (nM) Ammax, bound (D) A2? (nm) HY (%) K, (x10¢ M) 4
Rul 286 287 1 14.1 - -
459 460 1 124 6.96 + 0.18 1.41 + 0.08
Ru2 263 265 2 31.0 - -
455 457 2 264 13.54 + 2.23 1.09 + 0.03

“AJ represents the difference in wavelength of the IL and MLCT band of the metal complex between free and completely bound DNA states. b=
100 X (Agee — Apound)/Agree (A is the absorbance). °Kj, was determined by monitoring the changes of absorption at the IL and MLCT bands. 9 is an
average binding size.

- is enhanced and the helix becomes more rigid.43 To further
1504 * i study the binding modes of the two metal complexes with the
o RNA triplex poly(U)epoly(A)*poly(U), the viscosity of the
= 1201 o / triplex solution has been measured. Figure 4 shows the value of
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}LE 1004 o Figure 4. Viscometric Rul and Ru2 titrations of poly(U)epoly-
= (A)*poly(U) at 20 °C. [UAU] = 107.1 uM. Solution conditions are
50 the same as those described in the legend of Figure 2.
0= T T T T T T
20 560 600 640 680 720 760 the relative viscosity ratio, 77/1,, as a function of Cy,/Cyay (Ru
Wavelength / nm stands for either Rul or Ru2; UAU stands poly(U)epoly-
Figure 3. Representative fluorescence emission spectra of Rul (A) and (A)*POIY(U))- As can be seen from Figure 4, the viscosity of
Ru2 (B) treated with poly(U)epoly(A)*poly(U). [Rul] = [Ru2] = both poly(U)epoly(A)*poly(U)—Rul and —Ru2 systems
2.0 uM, [UAU] = 0—87.8 uM. The arrows show the intensity increase increases with Cy,/Cyay, tending to level off at the highest
upon increasing the triplex concentration. Solution conditions are the values of this ratio. The observed trend suggests that the two
same as those described in the legend of Figure 2. metal complexes bind to the triplex by intercalation. However,
the overall viscosity variation of the poly(U)epoly(A)*poly-
fluorescence intensity of Rul.*® Binding to the triplex also (U)—Rul system is somewhat more modest than that of
results in an enhancement of the fluorescence of the complexed poly(U)epoly(A)*poly(U)—Ru2. The reason for this may be
Rul and Ru2, respectively, with 1.8 and 2.5 times that of the that the enhanced rigidity of the triple strand by Rul is
triplex-free Rul and Ru2. The greater changes of fluorescence relatively smaller than that by Ru2, which results in the triplex
intensity suggest a stronger association of Ru2 with the triplex, being less sensitive to the structural modifications that arise
resulting from a more effective overlap of the bound molecules from Rul binding. Notably, in the binding mode besides
with the base triplets.”>® The result also indicates that the intercalation, another complex is likely formed in the course of
location of the two bound metal complexes is in a hydrophobic each metal complex binding to the triplex, where the metal
environment similar to an intercalated state and Ru2 is complex assembles on the polymer surface in such a way that
protected more efficiently by the triplex than Ru2. Therefore, the chain length displays no appreciable changes.
the accessibility of water molecules to Ru2 in the presence of Fluorescence Quenching Experiments. Steady-state
the triplex is more difficult in comparison with Rul, leading to emission quenching experiments may provide more informa-
Ru2 displaying a greater emission increase than Rul upon tion about small molecules binding to the RNA triplex.
binding to the triplex in saturation state. Concerning the complex of the triplex—small molecules, small
Binding Mode by Viscosity Studies. It is well established molecules that are free or bound on the surface of the triple
that the viscometric technique is a reliable hydrodynamic helix are readily available to the quencher, whereas those that
method for investigating the extension of the DNA/RNA helix are intercalated into base triplets are not. In addition, the
associated with intercalation.** In general, the viscosity of a electrostatic barrier resulting from the negative charges on the
rodlike nucleic acid increases upon complexation with an phosphate groups at the helix surface may prevent the anionic
intercalator, which is because the axial length of the nucleic acid quencher from further penetration into the interior of the helix.
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Therefore, if the binding involves intercalation, the emission of
the triplex—small molecule system will display little or no
quenching upon the addition of anionic quencher. Con-
sequently, the quenching constants (K,,) of small molecules
bound to the triplex by intercalation are smaller than those of
small molecules alone. Figure 5 presents the effects of anionic
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Figure S. Fluorescence quenching of Rul (A) and Ru2 (B) in the
absence (dotted lines) and in the presence (solid lines) of the triplex
by [Fe(CN)¢J*". [Rul] = [Ru2] = 20 uM, [UAU]/[Ru] = 314,
[Fe(CN)4]*~ = 0—1.0 mM. The arrows show the intensity decrease
upon an increasing the triplex concentration. Inset: plots of I,/I vs
[Fe(CN)4]*", where I, and I are the fluorescence intensities in the
absence and presence of the quencher, respectively. K* concentration
of each system is kept a constant using KCl. Solution conditions are
the same as those described in the legend of Figure 2.

quencher [Fe(CN)s]*™ on the fluorescence intensity of each
metal complex in the absence and presence of the triplex
poly(U)epoly(A)*poly(U). As shown in Figure S, the
emissions of Rul and Ru2 in the absence of the triplex were
almost completely quenched by [Fe(CN)]* with K, values of
2950 and 5290 L mol ™!, respectively. However, the emissions
of Rul and Ru2 in the presence of the triplex display no
obvious quenching, respectively, with K, values of 130 and 43
L mol™". The result indicates that binding of the two metal
complexes with the triplex may decrease to some extent the
accessibility of the anionic quencher [Fe(CN)¢]*™ to each
bound metal complex, suggesting that the binding mode of
each metal complex with the triplex is intercalation. In
comparison with Rul, a smaller K, for Ru2 in the presence

of the triplex is indicative of a stronger association of Ru2 with
the triplex, resulting presumably from a more effective overlap
of the bound Ru2 with the base triplets.

Thermal Denaturation Studies. Dissociation (denatura-
tion) of a triplex nucleic acid into a duplex plus a singgle strand
results in significant hyperchromism around 260 nm.*”* Binding
of a small molecule to a triplex nucleic acid alters the
denaturation temperatures (T,,) depending on the strength of
its interactions with the different triplex nucleic acid
conformations. Small molecules as intercalators as well as the
neutralization of the negative charges on the phosphate groups
may enhance the denaturation temperature of a triplex nucleic
acid. Furthermore, the binding specificity of small molecules to
the Hoogsteen base-paired third strand or to the Watson—
Crick base-paired duplex can be readily discriminated.”**
Hence, thermal denaturation profiles provide a convenient
means for detecting binding and also assessing relative binding
strengths.

Under the conditions used in this study, the melting profile
of free triple-helical poly(U)epoly(A)*poly(U) is biphasic
(Figure 6A and B, red curve). The first T,, (T,,;) occurring at
about 37.6 °C is assigned to the transition of poly(U)
epoly(A)*poly(U) triplex to poly(U)epoly(A) duplex and
single-stranded poly(U) via dissociation of the Hoogsteen base-
paired gzOIZ(U) strand from the major groove of the template

duplex.””*” The higher T,, (T,,) occurring at about 45.5 °C
A
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Figure 6. Melting curves at 260 nm of poly(U)epoly(A)*poly(U)
(31.5 M) and its complexation with Rul (A) and Ru2 (B) at
different [Ru]/[UAU] ratios, where Ay Ay, and A are the final, the
initial, and the observed absorbance at 260 nm, respectively. Solution
conditions are the same as those described in the legend of Figure 2,
and [Na*] = 35 mM.
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corresponds to the dissociation of the Watson—Crick base-
paired duplex poly(U)epoly(A). Binding of each metal
complex results in both melting temperatures being raised to
varying extents (Figure 6 and Table 2), whereas the effect of

Table 2. Melting Temperature (°C) of the Triplex Poly(U)
ePoly(A)*Poly(U) in the Absence and Presence of Rul and
Ru2, Respectively”

[Ru]/ Tt Two AT, AT,
triplex/complex [UAU] (°C) (°C) (°C) (°C)
RNA triplex 0 37.6 45.5 - -
RNA triplex + 0.03 40.0 455 2.4 0.0
Rul 0.05 41.7 45.7 4.1 0.2
0.10 44.0 47.0 6.4 1.5
0.15 43.6 47.5 7.0 2.0
0.20 46.1 - 8.5 -
RNA triplex + 0.03 40.5 45.7 29 0.2
Ru2 0.05 43.1 45.9 S.5 0.4
0.10 45.0 47.9 74 2.4
0.15 47.0 49.9 9.4 4.4
0.20 50.0 - 124 -

“[Na*] = 35 mM.

Rul on the stabilization of the third strand is somewhat less
than with Ru2 but is still strong enough to raise the first T}, to
46.1 °C. In the presence of Ru2, however, the effect is so strong
that dissociation of the third strand does not occur before
duplex dissociation, so that only a single broad transition is
observed at 50.0 °C. The results indicate that the two metal
complexes bind to the triplex structure more strongly than to
the duplex structure under the same condition, resulting in a
specific stabilization of the triplex structure. Therefore, we
propose that the ligand uip in each metal complex is
intercalated with the two ancillary ligands (bpy or phen)
located in the minor groove of the polynucleotide, thereby
stabilizing the third strand by expansion of the stacking
interaction.”” Interestingly, the effects of the two metal
complexes on the stabilization of the triplex poly(U)epoly-
(A)*poly(U) are different from what has been reported in the
presence of some triplex binders, such as ethidium (EB),"*
proflavine (PR), and its metal complex Pt-proflavine (PtPR),"*
where EB, PR, and PtPR exert a stabilization effect on the
duplex structure and definitely destabilize the triplex structure.
Furthermore, the effects of the two metal complexes on the
triplex stabilization are different from what has been observed
in the presence of alkaloids berberine, palmatine, and
coralyne.25a With regard to berberine, palmatine, and coralyne,
these alkaloids stabilize the third strand without affecting the
stabilization of the duplex. Recent studies of the interaction
mechanisms of coralyne with poly(U)epoly(A)*poly(U) reflect
that coralyne tends to stabilize the triplex structure because of
this small molecule being able to induce the triplex-to-duplex
conversion and also the duplex-to-triplex conversion.”> These
further reveal that the effects of small molecules on the
stabilization of RNA triplexes are complicated and sensitive to
their structural features and interaction processes.
Conformational Aspects of the Binding. Conforma-
tional changes of the RNA triplex poly(U)epoly(A)*poly(U)
reduced by the two metal complexes were investigated by
intrinsic circular dichroic studies (Figure 7). The circular
dichroic spectrum of the free RNA triplex (Figure 7A) is
characterized by a large positive band at about 260 nm and an
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Figure 7. CD spectra of poly(U)epoly(A)*poly(U) (A, 100 uM)
treated with either Rul (B) or Ru2 (C) at different [Ru]/[UAU]

ratios from 0 to 0.09 or 0 to 0.28, respectively. Solution conditions are
the same as those described in the legend of Figure 2.

adjacent weak negative band at about 240 nm followed by a
small positive band at about 220 nm."* In addition, the two
metal complexes display no intrinsic CD signals because both
are racemic compounds. Concerning the triplex—Rul (Figure
7B) and triplex—Ru2 (Figure 7C) systems; therefore, any CD
signals occurring above 300 nm are attributed to the metal
complex induced by the triplex, and the changes below 300 nm
result from either the triplex perturbation induced by the metal
complex or the metal complex induced by the triplex.** As can
be seen from Figure 7, binding of each metal complex with the
triplex results in hyperchromic effects on the most energetic
band at 260 nm and formations of three new bands above 275
nm. These suggest that both metal complexes could bind to the
chiral environment of the RNA triplex via interaction. In the
presence of Ru2, however, the hyperchromic effect at 260 nm is
more remarkable. With Rul, two new positive bands occur,
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respectively, at about 340 and 484 nm, and a new negative band
occurs at about 304 nm. In the presence of Ru2, the new
positive g bands occur, respectively, at aroundt 326 and 476
nm, and the new negative band is observed at about 276 nm.
Furthermore, the intensities of the new bands of the triplex—
Ru2 system are rather higher than that of the triplex—Rul
system, suggesting stronger association of Ru2 with the triplex.

Explanations for the Interaction Differences of the
Two Metal Complexes with Triplex. The above analyses
indicate that the association of Ru2 with the triplex is stronger
than that of Ru2. Consequently, Ru2 stabilizing the third strand
is more effective than Rul. Although the mechanism of the
triplex poly(U)epoly(A)*poly(U) stabilization by the two
metal complexes is not clear, we try add an analysis from the
following respects.

(i). Effect of the Aromatic Planarity of Intercalative
Ligand. Previous studies suggest that the aromatic planarity
of intercalative ligand play key roles in governing the binding
behaviors of small molecules with triplexes.”**** In general,
good stacking interactions between the base triplets and the
intercalator obviously enhance the triplex stabilization.””*
Apparently, the uip moiety is an important feature for
introducing intercalation properties to the two metal
complexes. Although the crystal structures of the two metal
complexes have not been obtained here, the DFT-optimized
structures show that the planarities of the intercalative ligands
uip in the two metal complexes are almost the same: for uip in
Rul and Ru2, the dihedral angles of N(7)—C(8)—C(9)—C(10)
are 0.0139° and 0.3122°, respectively; no obvious differences
exist in the planarities of intercalative ligands uip, reflecting that
the planarities of the intercalative ligands uip in the two metal
complexes are almost the same. Thus, we presume that the
planarities of intercalative ligands may not be the main factor
resulting in the interaction differences of the two metal
complexes with the triplex.

Rul

Figure 8. DFT-optimized structures and visualization of the orbitals of
complexes Rul (left) and Ru2 (right).

(ii). Effect of Intermolecular Hydrogen Bond. The
intercalative ligand uip in the two complexes contains imino
functional groups, which could possibly form intermolecular
hydrogen bonds with the base pairs of the triplex poly(U)
epoly(A)*poly(U). However, previous studies on the acridine
derivatives—triplex DNA interactions confirmed that intermo-

lecular hydrogen bonds did not significantly affect the
stabilization of triplexes,45 and similar behaviors were further
observed for [Ru(II)(1,10-phenanthroline),L]** complexes.***
Therefore, we presume that the role of hydrogen bond
formation between the intercalator (Rul or Ru2) and the
third strand is likely to be a minor factor effect on the triplex
stabilization.

(iii). Polarity Effect. The separation of negative backbone
charges inherent to intercalation may help to overcome
unfavorable electrostatics for third-strand association.”5***
However, the cationic natures of two metal complexes are
the same. Thus, both polarity effects of the triplex and electron
transfer from the base triplets to the metal complex may not be
the main factor contributing to the differences of the third-
strand stabilization.

(iv). Effect of the Hydrophobicity of the Ancillary
Ruthenium Ligand. The binding reaction of small molecule
with nucleic acids is driven primarily by hydrophobic
interactions.*® As the ancillary ligand progresses from bpy to
phen studied, the bulkiness and hydrophobic character of this
ligand is increased. Consequently, the hydrophobic transfer of
the large aromatic complex Ru2 from solution into the triplex
binding site caused by the ancillary ligand phen is easier to
achieve, resulting in the binding sites eftectively overlapping
with each other. This can also be confirmed by a smaller
binding site size (1.09 + 0.03) of Ru2 from UV-—visible
titration data, and emphasizes that small differences in ancillary
ligand structure have significant effect on the triplex interaction.
Therefore, the effects of ancillary ligands (bpy and phen) on
the binding characteristics of the two metal complexes with the
triplex should not be ignored, which is likely the main factor
affecting the interactions of the two metal complexes with the
triplex.

Bl CONCLUSIONS

This work presents the comparative binding of the RNA triplex
poly(U)epoly(A)*poly(U) with Rul and Ru2 using various
biophysical techniques. The studies reveal that the two metal
complexes bind to the RNA triplex by intercalation and stabilize
the Hoogsteen base-paired third strand. However, the binding
affinity of the RNA triplex with Ru2 is greater than that with
Rul, which results in Ru2 exerting a rather remarkable
stabilization effect on the triplex structure. The extra hydro-
phobic area represented by the fused benzene ring of
phenanthroline does seem to not only influence the intrinsic
binding constants, but also influence the third-strand
stabilization. Considering the structural characteristics of the
two metal complexes, we presume that the hydrophobicity
effects of ancillary ligands may likely contribute to the binding
differences of Rul and Ru2 with the RNA triplex. This study
further advances our knowledge on the binding of the RNA
triplex with metal complexes, particularly octahedral ruthenium-
(1) polypyridyl complexes.
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