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Binding studies of cationic uridyl ribonucleic guanidine
(RNG) to DNA
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Abstract—Replacement of the phosphodiester linkages of polyanionic RNA with guanidine linkers provides a polycationic ribonu-
cleic guanidine (RNG). The pentameric uridyl RNG (RNG U5) was found to bind a pentameric adenyl DNA (DNA A5) with a 1:1
stoichiometry as determined by the method of continuous variation. This polycationic RNG binds with unprecedented affinity with
the polyanionic DNA providing a double helix. This association of RNG and DNA is highly sequence specific. Thermal denatur-
ation (Tm) studies establish that RNG is able to discriminate between complementary and noncomplementary bases. Results of the
hybridization properties, sequence specificity, and the global conformation studies of the RNG U5ÆDNA A5 duplex are described.
� 2005 Elsevier Ltd. All rights reserved.
Putative drugs consisting of oligonucleotide (ODN)
analogs capable of inhibiting cellular processes at the
transcriptional or translational level via base pair interac-
tions with DNA or RNA are known as antisense and
antigene agents, respectively.1 Key goals in the design of
such agents include the following: increasing the binding
affinity while maintaining the sequence specificity; resis-
tance to degradation by cellular nucleases; and increased
membrane permeability. Significant advances have been
made in the study of a number of structural analogs of
DNA andRNAdesigned to be antisense/antigene agents,
by their enhancement of both stability and affinity for
given sequences of DNA and RNA.2 Replacement of
the negatively charged phosphodiester backbone with
neutral linkages eliminates the electrostatic repulsion that
exists in duplex DNA, thus increasing binding affinity.
Oligonucleotides connected by methylphosphonate,3

methylenemethylimino (MMI),4 and amide linkages5

are representative of this strategy. An alternative
approach involves replacing the sugar–phosphate back-
bone entirely, such as in the case of peptide nucleic acid
(PNA),6 phosphonic ester nucleic acid (PHONA),7 and
nucleic acid analog peptide (NAAP).8 These oligonucleo-
tide analogs with modified backbones are resistant to
nuclease degradation.
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It is well known that naturally occurring polyamines,
such as spermidine and spermine, bind strongly to
DNA and stabilize duplex and triplex formation. The
enhanced thermal stability of the resultant complexes
derives from the reduction of the anionic electrostatic
repulsion between the phosphate moieties by the cat-
ionic polyamines. Incorporation of positive charges into
oligonucleotides has been correctly anticipated to in-
crease binding of analogs to DNA and RNA strands.
Aminoalkyl linkers attached through the bases9 and
the sugar moieties10 have both been synthesized and
used for biological and biochemical studies.

We have reported the synthesis and binding properties of
DNG, wherein the negatively charged phosphodiester
linkages ofDNAhave been entirely replaced by positively
charged guanidium linkages.1,11 DNG binds strongly to
target DNA because the repulsive electrostatic interac-
tions of duplex DNA are replaced by close attractive elec-
trostatic interactions in DNAÆDNG duplex. From
computational studies,11a,12 DNG is anticipated to main-
tain its positive charge in proper alignment to maximize
its interaction with the backbone of the negatively
charged phosphodiester linkage of the opposite strand.
A pentameric thymidyl oligomer ofDNG,with four posi-
tively charged guanidium linkages, has been shown to
bind to polyadenine DNAwith unprecedented high affin-
ity in a 2:1 thymine–adenine complex.11a Since interac-
tions with polyguanine, cytidine, and thymine were not
observed, DNG exhibits fidelity of base-pair recognition.
In addition, the highly positively charged octameric
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thymidyl DNG oligomer was able to discriminate be-
tween complementary andnoncomplementary base pairs.
At singlemismatch points, stability decreased by approxi-
mately 4 �C, while a mismatch at the center lowered it by
15 �C, as determined by thermal denaturation studies.13

Although the double helical structure of the duplex
formed between DNG and natural DNA or RNA is un-
known, computational molecular modeling suggests that
the DNGÆDNA duplex primarily retains a B-DNA con-
formation while the DNGÆRNA duplex adopted an A-
type structure.11b In addition to these results, the guani-
dium linkage was shown to have nuclease resistance14

and positively charged backbones may give rise to cell
membrane permeability through electrostatic attraction
of the guanidine moiety to the negatively charged phos-
phate groups of the cell surface. Because of the potential
antisense/antigene aspects of guanidium linkages of
DNG, further studies on the synthesis and properties of
guanidium linked oligonucleotides are warranted.

The interesting differences and similarities between the
nature of DNA and RNA prompted us to explore the
synthesis and properties of RNG. Even though RNA
possesses a strong affinity for DNA, its susceptibility to
various nucleases and the labile nature of the phosphodi-
ester backbone limit its application.15 RNG should be
better suited as an antisense/antigene agent because the
guanidium linkages are neither susceptible to cellular
nuclease nor to chemical degradation under physiologi-
cal conditions. Recently, we described the synthesis of
the pentameric uridyl RNG16 (Fig. 1) and provided mod-
eling studies involving oligomeric RNG complexed with
DNA.17 Molecular modeling studies of the double-
stranded RNGÆDNA [RNGU8ÆDNAA8] suggested that
the guanidium backbone in RNG was a viable alterna-
tive to the phosphate linkages of RNA.17 We report here
the DNA binding properties of the pentameric uridyl
RNG (RNG U5) and provide results which demonstrate
that pentameric uridyl RNG forms unusually stable
complexes with pentameric adenyl DNA (DNA A5),
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Figure 1. Structures of RNA U5 and RNG U5.
but does not form detectable structures with DNA con-
sisting of noncomplementary bases.

The stoichiometry18 of binding of RNGU5 andDNAA5
was determined by the method of continuous variation19

to generate mixing curves of the absorbance versus mole
fraction of RNG U5 and DNA A5 (Fig. 2). This method
is based on the assumption that a decrease in absorbance
is proportional to the number of base pairs hydrogen
bonded between the interacting species. Increasing mole
fraction of RNG U5 to the DNA A5 (pH 7.0 and
l = 0.10 with KCl at 20 �C) lowered the UV absorbance
at 260 nm. An inflection point at 0.5 mole fraction indi-
cated the formation of RNG U5ÆDNA A5 duplex with
the expected 1:1 stoichiometry.

The stability of the duplexes formed by RNG U5 and
DNA A5 was studied by thermal denaturation experi-
ments.20 To confirm the effect of the guanidium linkage
of the RNG on the thermal stability of the duplexes, the
Tm values for an unmodified RNA U5ÆDNA A5 duplex
and DNA T5ÆDNA A5 duplex were also determined
(Fig. 3a). As expected, RNG U5 with four charged gua-
nidium linkage binds to DNA A5 with much higher
affinity (Tm = 62 �C) than natural RNA U5 and DNA
T5 (extrapolated Tm values of 0 and �10 �C, respec-
tively) do. Although the RNG U5ÆDNA A5 and RNG
U5ÆDNA AAAAT duplexes (Figs. 3a and 4) exhibited
broad melting transition states, this anomaly is similar
to DNAÆDNG melting curves,13a this can be explained
by the electrostatic interaction between the positive
charge of RNG and the negative charge of DNA, which
provides an additional bonding, in spite of breaking
down the Watson–Crick base pairing. In addition, no
positive hyperchromic shift was seen in the UV spectra
of a solution, between 15 and 95 �C, which contained
RNG U5 and DNA T5, C5, and G5 (Fig. 3b). This is
evidence against RNG binding to DNA in a nonspecific
manner. Therefore, RNG maintains base-pair specificity
while dramatically increasing its affinity for DNA com-
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Figure 3. (a) Thermal denaturation curves for RNG U5ÆDNA A5,

RNA U5ÆDNA A5, and DNA T5ÆDNA A5; (b) thermal denaturation

curves for RNG U5 in the presence of DNA T5, DNA C5, and DNA

G5. Absorbance was measured at 260 nm, [oligomer] = 4 lM,

[K2HPO4] = 10 mM, and [KCl] = 100 mM, pH 7.0.
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Figure 4. Thermal denaturation curves for RNG and complementary

DNA and mismatched DNAs to investigate sequence specificity.

Absorbance was measured at 260 nm, [oligomer] = 4 lM,

[K2HPO4] = 10 mM, and [KCl] = 100 mM, pH 7.0.
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Figure 2. Job plot19 mixing curves of the change of absorbance at

260 nm (DA260) of aqueous solutions (pH 7.0, l = 0.12 at 20 �C) with
varied mole fractions of RNG U5 and DNA A5 ([RNG U5] + [DNA

A5] = 2.0 lM). The inflection point indicates the stoichiometry to be a

RNGÆDNA duplex.
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pared with the standard RNAÆDNA complex. A negative
hyperchromic shift was observed forRNGU5 in the pres-
ence ofDNAT5, C5 orG5 as shown in Figure 3b. Plots of
UV absorbance at 260 nm against temperature of the
three DNAs with RNG are virtually the same (Fig. 3b).
The results show that the nature of the nucleobases has
nothing to do with this hyperchromic shift. It is probably
due to an unknown conformational change of the RNG
single strand resulting from interaction between ribose–
phosphate backbone of DNA and guanidium backbone
of RNG. In contrast, no negative hyperchromic shift
was shown forRNGU5ÆDNAA5andRNGU5ÆAAAAT
duplexes (Fig. 4). This can be explained as the positive
hyperchromic shift caused by RNG U5ÆDNA A5 and
RNG U5ÆAAAAT duplexes melting is much higher than
the negative hyperchromic shift caused by the unknown
conformational change of RNG single strand.

To study the sequence specificity of the binding of RNG
with complementary DNA,20 RNG U5 was allowed to
form duplexes with complementary DNA and mismatch
DNAs, and the thermal stability of the resultant duplexes
was monitored by thermal denaturation (Fig. 4). The
RNGU5ÆAAAATduplex contains onemismatched base,
exhibiting a 7 �C decrease in Tm in comparison to a fully
complementary RNG U5ÆAAAAA duplex (Table 1). In
addition,DNAoligomerswith two and threemismatched
bases (ATATA, TATAT) did not show base-pair interac-
tion with pentameric uridyl RNG at all. This clearly dem-
onstrates that the binding of RNG with complementary
DNA is sequence specific.

In order to describe the duplex properties more quanti-
tatively, thermodynamic calculations were performed.
The results and parameters are summarized in Table 1.
Standard free energies (DG0) for duplex formation are
presented in Eqs. 1–3.

DNA T5þDNA A5) *
DG0¼�6.9 kcal=mol

DNA T5 �DNA A5

ð1Þ

RNA U5þDNA A5 ) *
DGo¼�7.1 kcal=mol

RNA U5 �DNA A5

ð2Þ



Table 1. Melting temperatures and thermodynamic parameters for hybrid formed between RNG U5 and DNAs

DNA T5ÆDNA A5 RNA U5ÆDNA A5 RNG U5ÆAAAAT RNG U5ÆDNA A5

Regression equationa f ¼ y0þa

1þe
ð
�ðx�x0 Þ

b Þ
� �c

a = 0.41 a = 0.41

b = 20.26 b = 11.24

Parameters c = 40.25 c = 0.22

x0 = �95.51 x0 = 40.24

y0 = 0.25 y0 = �0.23

Tm (�C) ��10b �0b 55.0c 62.0c

DHVH (kcal/mol) �14.2 �15.7 �24.3 �27.7

DS0 (cal/mol/K) �26.2 �29.8 �48.5 �55.0

lnK(T) 10.7 11.4 16.2 19.04

DG0 (kcal/mol) �6.9d �7.1d �9.8e �11.2e

a Because DNA T5ÆDNA A5 and RNA U5ÆDNA A5 duplexes appeared to have a Tm at lower temperature limit of the experiment, Tm curves were

extrapolated using regression equation.
b Conservative estimate of Tm = �10 �C, 0 �C, which were obtained from extrapolated Tm curve, was used for the calculation.
c The reported Tm values were an average of three experiments (±0.2).
dDG0 values were calculated from extrapolated melting curve manually as they did not exhibit clear Tm transitions due to the low Tm values.22 The

thermodynamic data for the melting transitions of duplexes were calculated following the work of Marky and Breslauer.21

eDG0 values were calculated using �thermal software� program (van�t Hoff calculation method) provided with the Cary 100-E2 9802310Z UV/VIS

spectrometer automatically since they exhibit clear Tm transition state.21 The thermodynamic data for the melting transitions of duplexes were

calculated following the work of Marky and Breslauer.21
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RNGU5þDNAA5 ) *
DGo¼�11.2 kcal=mol

RNGU5 � DNAA5
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Figure 5. CD spectra of RNG U5ÆDNA A5 complex compared to

DNA T5ÆDNA A5 complex. [oligomer] = 4 lM, [K2HPO4] = 10 mM,

and [KCl] = 100 mM, pH 7.0.
ð3Þ

It reveals that there is no difference between DNAT5 and
RNA U5 binding to DNA A5 (DDG0 = �0.2 kcal/mol
(Eq. 2 DG0 � Eq. 1 DG0)). However, the DDG0 of �4.1
kcal/mol (Eq. 3 DG0 � Eq. 2 DG0) and �4.3 kcal/mol
(Eq. 3 DG0 � Eq. 1 DG0) translates into an increase in
binding over three orders of magnitude. It clearly demon-
strates the tighter binding (over 103 times) of RNG to its
DNA templates compared to RNA and DNA. This in-
crease is attributed to the powerful attraction between
the positively charged RNG guanidium groups and the
negatively charged phosphates of RNA. The strength
and fidelity of the uridine/adenine base pair, due to
hydrogen bonds, in combinationwith electrostatic attrac-
tion of RNG for DNA suggests that strategically substi-
tuted guanidium-linked uridines may yield a powerful
antisense oligonucleotide.

The CD spectrum of an oligomer in solution can give
valuable information about the global conformation of
a duplex. DNA bases are planar and have no intrinsic
CD signal of their own. Any CD signals observed in
the absorbance band of the bases (200–300 nm) are
caused by the spatial organization of the bases in a chi-
ral structure, such as a helix, under the influence of the
chiral sugar backbone. Base stacking interactions mag-
nify this effect and give rise to the CD signals observed
for DNA and RNA oligomers and polymers.23 The
spectra of the duplexes (RNG U5ÆDNA A5 and DNA
A5ÆDNA T5) showed a positive CD band around
275 nm and a negative CD band around 245 nm that
are attributable to B-like DNA conformation (Fig.
5).24 The shapes of both spectra were quite similar to
each other, although the intensity of the positive band
in the spectrum of the duplex containing guanidium
linkages RNG U5ÆDNA A5 was clearly less than that
of the standard duplex. Molecular modeling17 predicted
that the overall structure of RNG is equilibrated at a B-
DNA conformation, and the RNG strand takes on the
general conformation of the DNA backbone. The loss
of band intensity results from certain RNG backbone
torsion angles around the guanidium group being differ-
ent than the standard A-RNA values in order to relieve
the tension due to the replacement of the diester phos-
phate linkage.

From the above discussion, the following conclusions
can be drawn about RNG: (i) the pentameric uridyl
RNG binds to an adenyl DNA strand in a 1:1 ratio;
(ii) due to electrostatic attraction in place of electrostatic
repulsion, a RNG dimeric complex with DNA is ther-
modynamically favored in comparison to RNAÆDNA,
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DNAÆDNA duplexes; (iii) the pentameric uridyl RNG
was able to discriminate between complementary and
noncomplementary base pairs. These results suggest that
RNG is a good candidate as a novel antisense molecule;
(iv) The CD spectrum shows that the RNG U5ÆDNA A5
complex takes on a somewhat different conformation of
the nucleic acid backbone than that of the RNAÆDNA
complex. Further studies of the thermal denaturation
and global structure of RNG are currently under
investigation.
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