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Two kinds of new acridine–DNA conjugates were synthe-
sized by attaching acridines with bulky substituents to the end
of DNA. These conjugates were hybridized to complementary
RNA in combination with another unmodified DNA that hybrid-
ize to the adjacent fraction of the RNA, and were used as site-
selective RNA activators for site-selective RNA cleavage cata-
lyzed by LuIII. The site-selective hydrolyses by these combina-
tions are several times as fast as that achieved with the use of
commercially available acridine moiety.

As important roles of various small RNAs in biological sys-
tems have been widely recognized,1 demands for versatile RNA
manipulation, i.e. site-selective cutting and pasting of RNA
strand, have been increasing not only for the purpose of tradi-
tional antisense chemistry but also for controlling RNAi.2,3

Especially, development of site-selective artificial ribonuclease
has been the main target for researchers because no natural pro-
tein-based ribonuclease recognizes their target sequence.4 Re-
cently, we have developed a quite effective system for site-selec-
tive RNA cleavage.5 There, the target phosphodiester linkage in
substrate RNA is activated through noncovalent interactions
with complementary DNA conjugate bearing an acridine, and
differentiated from the other linkages in terms of reactivity. Ac-
cordingly, this linkage is selectively hydrolyzed by free catalysts
(e.g., lanthanide(III) ions) in the solution. The reaction is selec-
tive and efficient enough to achieve simultaneous tandem scis-
sion in close proximity as small as 10 nucleotides,6 and this tech-
nique has been applied to new genotyping methods for single-
nucleotide (SNP) or insertion–deletion (indel) polymorphisms.7

The two key factors in the mechanism of RNA activation by
acridine are (1) general acid catalysis by protonated acridine and
(2) rearrangement of RNA backbone conformation induced by
acridine intercalation.8 Control of the geometry of acridine inter-
calation is thus quite important to develop still more active sys-
tems.9,10 In this study, we have examined how the size of the sub-
stituents on acridine affects its intercalation and RNA activation,
especially focusing on the one at the 2-position. Figure 1 shows
the structures of the oligonucleotides used in this study. The ac-
ridine–DNA conjugates 2a–2c are complementary to the 50-half
of 36-mer substrate RNA 1, and bear an acridine residue X at the
50-end. The acridine in 2a–2c has a nitro-group at the 6-position
and a methoxy- (2a), ethoxy- (2b), or isopropoxy-group (2c) at
the 2-position. When 2a–2c is combined with unmodified 3
and hybridized to 1, only the target site U19 in 1 remains un-
paired, and the 50-phosphodiester linkage of U19 is selectively
activated.

All the oligonucleotides were synthesized with standard
phosphoramidite chemistry on an automated synthesizer. Phos-
phoramidite monomers bearing acridines for the conjugates
2a–2c were synthesized according to the route described in a

previous report,8 starting from the coupling between 2-chloro-
4-nitrobenzoic acid and appropriate 4-substituted aniline. The
products were purified by denaturing polyacrylamide gel elec-
trophoresis (PAGE) and then by reversed-phase HPLC, and
characterized by MALDI-TOF MS. The site-selective scission
of substrate 1, which is fluorescently labeled with 6-fluorescein
amide (FAM) at the 50-end, was performed with 100mM LuCl3
at pH 8.0 and 37 �C in the presence of 200mM NaCl. After pre-
determined reaction time, the reactions were quenched with
10mM EDTA–2Na and analyzed by denaturing PAGE. The
scission efficiency was evaluated by a Fuji Film FLA-3000G
fluorescent imaging analyzer.

As shown in lanes 1–3 of Figure 2, the substrate RNA was
site-selectively and quite efficiently hydrolyzed by the 2/3/
LuIII systems, mainly at the 50-phosphodiester of U19 as the tar-
get site (a minor scission is perceived at its 30-side). The conver-
sions of the cleavage at the 50-side after 4 h were 70% (for the
2c/3 combination in lane 2), 56% (2b/3, lane 3), and 47%
(2a/3, lane 4), respectively. Conjugate bearing a more bulky
substituent at the 2-position showed higher RNA activation.
Quite contrary, cleavage at the 30-side of U19 was only 1/10
compared to the 50-side for the 2a/3 combination, and was not
much affected by the difference of the substituent. Observed rate
constants of the cleavage estimated from the time course of the
reaction are shown in Table 1.11 The conjugate 2c bearing 9-
amino-2-isopropoxy-6-nitroacridine is ca. 80% more active than
2a that bears 9-amino-2-methoxy-6-nitroacridine. Our previous
study has shown that 2a is more than twice as active as a com-
mercially available acridine monomer that bears 9-amino-6-
chloro-2-methoxyacridine.8 Thus, 2c is nearly 4 times more ac-
tive than this most popular acridine derivative used in oligonu-
cleotide chemistry. The significant role of the substituent at
the 2-position on site-selective RNA scission has been revealed.

According to the previous study,8 it is suggested that proto-
nated species of the acridine acts as an general acid catalyst in
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Figure 1. Structures of the acridine–DNA conjugates that bear
an acridine at the 50-end and oligonucleotides used in the present
study. The target phosphodiester linkage for the site-selective
scission (the 50-side of U19) is indicated by the arrow.
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the mechanism of site-selective RNA activation and subsequent
selective cleavage by LuIII. Thus, more acidic acridine promotes
RNA cleavage more efficiently. To see whether the present dif-
ference of the activity is because of different acidity of the acri-
dines, we examined pKa values of the acridines in 2c and 2b, as
well as the melting temperatures of 2a–2c/1 hetero-duplexes
(Table 1). By fitting theoretical curves to the pH dependence
of the absorption of the acridines, pKa values of 2c and 2b were
estimated to be 9.1 and 8.9, respectively (Figure 3). Considering
that the pKa of 9-amino-2-methoxy-6-nitroacridine in 2a is 8.8,
the acridine in 2a is slightly more acidic than those in 2c or 2b,
and thus the high activity of 2c cannot be ascribed to the differ-
ence of efficacy of acid catalysis. In addition, Tm values of the
complexes of 2c/1, 2b/1, and 2a/1 are 69:5� 1:0, 69:3� 1:0,
and 68:0� 1:0 �C, respectively. The strength of stacking inter-
action between the acridines and adjacent base pairs as well as
electrostatic interaction between positive acridines and negative
RNA phosphodiester backbone are not much different among

these complexes. We thus conclude that the present acceleration
of the reaction can be simply ascribed to steric effects of the sub-
stituent alone. The bulky substituents at the 2-position of the
acridines in 2c and 2b may slightly change the geometry of
intercalation in RNA/DNA heteroduplex, and make the confor-
mation of RNA backbone more preferable for intramolecular
nucleophilic attack of phosphate by 20-OH.
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ence and Technology, Japan.
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Chem. 2006, 4, 15. c) J. A. Cowan, Curr. Opin. Chem. Biol.
2001, 5, 634. d) B. N. Trawick, A. T. Daniher, J. K. Bashkin,
Chem. Rev. 1998, 98, 939. e) R. Häner, J. Hall, A. Pfützer,
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Table 1. Observed first-order rate constants (kobs), pKa of the
acridine, and melting temperatures (Tm) of the conjugates/1
hetero-duplexes

kobs/h
�1 pKa Tm/

�C

2a 0.13 8.8 68:0� 1:0
2b 0.16 8.9 69:3� 1:0
2c 0.23 9.1 69:5� 1:0

Figure 3. Dependence of the absorption of the acridines in 2b
(a) and 2c (b) on pH.
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Figure 2. Site-selective scission of RNA 1 by combining 2, 3,
and LuIII at 37 �C and pH 8.0 (10mM Tris-HCl) for 4 h. The
selective-scission site (the 50-side of U19) is indicated by the
arrow. Lane 1, treatment with LuIII alone; lane 2, 2c/3/LuIII;
lane 3, 2b/3/LuIII; lane 4, 2a/3/LuIII. C, control reaction in buf-
fer solution. ½1�0 ¼ 5, ½2� ¼ ½3� ¼ 10, and ½LuCl3� ¼ 100mM.
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