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Site�specific synthetic ribonucleases based on oligonucleotide conjugates
with metal�independent organic catalysts of hydrolysis of phosphodiester bonds
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The review surveys the results obtained in investigations on the design of site�specific
catalysts of the phosphodiester bond cleavage in ribonucleic acids based on deoxyribonucleo�
tide conjugates with peptide mimics.
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The development of the theory and procedures for
the targeted action on biopolymers at the molecular and
cellular levels is presently a major area of scientific in�
vestigations in bioorganic chemistry and molecular biol�
ogy. Among objects subjected to targeted chemical modi�
fications, the key biopolymers, viz., nucleic acids, are of
particular interest. The design of reagents which provide
the selective degradation of particular elements of these
biopolymers offers possibilities for the selective influ�
ence on the functioning of individual genes with the aim
of correcting biochemical processes in organisms and
opens the way to the selective destruction of foreign
nucleic acids for the purpose of suppressing multipli�
cation of infectious agents (bacteria, viruses, mico�
plasms, etc.). These reagents may revolutionize the strat�
egy of treatment of virtually all diseases because they
open up possibilities of influencing the deepest origin of
pathological states.

The most efficient approach to the design of reagents
targeted to particular nucleic acids involves the synthesis
of reactive oligonucleotide derivatives. The prospects of
developing rational approaches in chemotherapy based
on the use of oligonucleotide derivatives gave impetus to
a large body of recent research devoted to both the syn�
thesis of such reagents and examination of their chemi�
cal and biological activities.1—3

There is a rather broad spectrum of organic com�
pounds which (at high concentrations) cleave the phos�
phodiester bonds in RNA. The idea of designing site�
specific synthetic ribonucleases by constructing deoxy�
oligonucleotide conjugates with organic catalysts was first
conceived in the late 1980s.4 Komiyama and Inokawa5

were the first to report the site�specific cleavage of an
RNA target with this type of oligonucleotide conjugates.
A 19�mer deoxyribonucleotide complementary to the
A�44—A�62 fragment of the yeast tRNAPhe and contain�

ing the ethylenediamine residue bound at position 5´
through the urethane linker is an example of synthetic
nucleases. This deoxyribonucleotide cleaved ∼10% of the
RNA target at 50 °C in 4 h. Later, efforts of several
research groups were directed at preparing more efficient
artificial nucleases whose catalytic sites contain the imi�
dazole or alkylamine residues (or their combinations),
short peptides with alternating amino acid residues.6—9

However, the efficiency of RNA cleavage was no higher
than 10—40%.10,11

Simultaneously, synthetic ribonucleases were con�
structed based on oligonucleotide conjugates with differ�
ent metal complexes. A series of synthetic ribonucleases
exhibit the RNA�cleaving activities with the efficiencies
close to 100%.12 Synthetic ribonucleases based on 12�mer
2´�modified oligoribonucleotides to which rare�earth
complexes are bound perform up to 40 RNA�cleavage
events at 37 °C during 64 h at the reagent concentration
of 1 µm L–1 in the presence of a 50�fold excess of RNA.13

Such a substantial difference in the efficiencies of
conjugates based on metal complexes and organic cata�
lysts of hydrolytic cleavage of the phosphodiester bonds
is attributed to the fact that the imidazole, amino, and
carboxy groups are by themselves weak catalysts of the
corresponding processes. High efficiencies of natural
biocatalysts based on these groups are achieved due to
the optimum three�dimensional arrangement of the cata�
lytic site. The reproduction of the geometric parameters
of the catalytic sites of natural RNA�hydrolyzing en�
zymes appeared to be a challenging task.

At the same time, researchers face problems when
using oligonucleotide conjugates based on metal com�
plexes in biological systems. In particular, proteins and
nucleic acids, which are the major components of bio�
logical systems, contain a large number of chelating sites
resulting in dissociation of metal ions even from stable
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complexes and, as a consequence, in nonspecific de�
struction of non�target biopolymers.

Hence, the construction of site�specific artificial nu�
cleases based on oligonucleotide conjugates with metal�
independent catalysts of RNA hydrolysis is still a topical
problem.

The present review surveys the results of the design of
these compounds.

Pancreatic ribonuclease A is one of the most exten�
sively studied RNA�hydrolyzing enzymes. According to
the results of different investigations, the catalytic site of
this enzyme contains from 6 to 11 functionally signifi�
cant amino acid residues among which His12, His119,
and Lys40 are most important. Conjugates of intercalat�
ing compounds with peptide mimics containing two imi�
dazole residues, which model the catalytic site of
RNase A, efficiently cleave the phosphodiester bonds in
the CpA and UpA sequences.14

On the basis of these data, we synthesized deoxyribo�
oligonucleotide conjugates with iminodiacetic acid de�
rivatives containing two imidazole residues (1).15 The
terminal phosphate groups in oligonucleotides were ac�
tivated by the Ph3P/(PyS)2 couple in the presence of
N�methylimidazole (MeIm) or 4�dimethylaminopyridine
(DMAP). Using histamine as an example, we have dem�
onstrated16 that the introduction of a protective group
into the imidazole ring is unnecessary, and the resulting
reactive derivative reacts predominantly with an aliphatic
amino group. Compound 1 was attached at the 5´� or
3´�phosphate group of deoxyribooligonucleotides through
the phosphoramide bond (Scheme 1).

Scheme 1

n = 2—5

The oligonucleotide (address) component of the con�
jugate was chosen so that the catalytic group is oriented
toward the CpA sequences in the RNA target (Fig. 1).
Optimization of the linker length made it possible to
achieve the cleavage efficiency of 60—80% (5—8 h, 37 °C,

pH 7.0) for different targets.17,18 All other conditions
being the same, the efficiencies of conjugates bearing
catalytic groups at the 3´�termini of the oligonucleo�
tides proved to be 20—30% higher than those of their
5´�analogs.

Attempts to increase the degree of hydrolysis by in�
creasing the time of incubation of an RNA target with
the artificial RNases did not give the desired results. The
degree of hydrolysis reached the plateau after 5—8 h.
Subsequent studies demonstrated that the phosphoramide
bond that links the oligonucleotide and the catalytic com�
ponents of the conjugate underwent autocatalytic hydro�
lysis under the experimental conditions. The hydrolysis
half�life varied from 45 min to 6 h depending on the type
of the terminal nucleotide and the position of the phos�
phate group.* One would expect that the attachment of

Oligonuc�
leotide A

Oligonuc�
leotide B

Fig. 1. Structures of yeast tRNAPhe and oligonucleotide conju�
gates A and B prepared by the attachment of the catalytic
group R to 3´� (A) or 5´�phosphates (B) of deoxyribooligo�
nucleotides. The sites of the phosphodiester bond cleavage in
the RNA target are indicated by arrows.

* Unpublished results.
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the catalytic groups proposed in the cited studies to oli�
gonucleotides through stable linkers will enhance the
efficiencies of this type of artificial nucleases.

Presently, several strategies are used for the prepara�
tion of oligonucleotide conjugates with peptides or other
compounds containing functional groups. The synthesis
of the corresponding phosphoramidites and their subse�
quent use in the conventional oligonucleotide synthesis
and the postsynthetic modification of oligonucleotides
are the most common methods.19,20

The former approach implies the design of the corre�
sponding phosphoramidite for the synthesis of each oli�
gonucleotide conjugate. To the contrary, the postsynthetic
modification enables one to prepare series of conjugates
starting from the same basic oligonucleotide.

We used both these strategies for the construction of
stable synthetic ribonucleases. In particular, with the aim
of eliminating the unstable phosphoramide bond, we syn�
thesized a series of hydroxy derivatives 2a,b and 3a,b
containing one or two protected imidazole residues. These
compounds can be used for the synthesis of the corre�
sponding phosphoramidites followed by the introduction
of catalytic groups under the conditions of the conven�
tional solid�phase oligonucleotide synthesis or, alterna�
tively, can be directly introduced into an oligonucle�
otide (the triester method of synthesis).21

The choice of protective groups is the major problem
in the construction of conjugates with the use of func�
tionalized phosphoramidites. These groups must be com�
patible with the peptide synthesis (synthesis of a catalytic
group), stable under the conditions of the phosphor�
amidite and oligonucleotide syntheses, and removable
under mild conditions which do not cause conjugate

destruction. Taking into account that the preparation of
the corresponding monomers is a cumbersome proce�
dure (particularly, in the case of polyfunctional com�
pounds), this approach to the search for the optimum
structures of synthetic ribonucleases is unlikely to be
efficient.

For the most part, the problem of the choice of the
protective group can be solved by performing the syn�
thesis of the catalytic and address components of the
artificial nucleases separately. In order to prepare conju�
gates, precursor groups which allow one to attach cata�
lytic sites under mild conditions must be introduced into
the oligonucleotide in the course or after its synthesis.
To realize this approach, we used the two�step proce�

Scheme 2
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dure for the introduction of catalytic groups into oligo�
nucleotides with the use of specially designed derivatives
of bisquaternary phenazinium salts 4 as precursors
(Scheme 2).22 We employed this method in the synthesis
of a series of oligonucleotide conjugates. Unfortunately,
the compounds thus obtained exhibited very low effi�
ciencies with respect to an RNA target.* Apparently, this
is associated with an inappropriate orientation of the
catalytic groups bound to the oligonucleotide through a
linker which behaves as an intercalator.23

We also used anthracene derivatives as precursor
groups (Scheme 3).24 To introduce the anthracene resi�
due into the oligonucleotide, we initially activated the
terminal phosphate group with the Ph3P/(PyS)2 couple
in the presence of DMAP. This activation is reputed to
work well. Treatment of the reaction mixture with
9�aminomethylanthracene afforded the corresponding
anthracene derivative 5 in high yield. Cycloaddition of
maleimide derivative 6 to derivative 5 in an aqueous
medium gave rise to product 7 in nearly quantitative
yield. At room temperature, compound 6 is poorly soluble
at neutral pH. The addition of organic solvents (DMF or
DMSO) to the reaction mixture increased the solubility
of compound 6, but the yield of conjugate 7 was at most
15—20%. The optimum reaction conditions involve in�
cubation of oligonucleotide derivative 5 and compound 6
at pH 5.5—6 and 50 °C. The course of the reaction was
monitored by UV spectroscopy by following the disap�
pearance of the absorption band at 338 nm. The yield of
conjugates 7 reached 90—95%, while the destruction of
the oligonucleotides was no higher than 3—5%.

This procedure for the synthesis of artificial ribo�
nucleases has a number of advantages. The cycloaddi�

tion product generated in the course of the reaction pre�
vents the phosphoramide bond from intramolecular hy�
drolysis and stabilizes such conjugates under the condi�
tions of hydrolysis of an RNA target. At the same time,
maleimide derivative 6 used in the second step can be
readily prepared by standard techniques of the peptide
chemistry, which opens up considerable possibilities of
optimizing the structure of the catalytic portion of such
conjugates.

We prepared for the first time RNA�hydrolyzing
metal�independent conjugates which perform quantita�
tive cleavage of an RNA target at 37 °C in 20—60 min.24

It should be noted that if the catalytic groups are ori�
ented toward the target region deprived of the CpA se�
quences, it is the phosphodiester bond in the nearest
pyrimidine—purine site that is subjected to hydrolysis.
In the latter case, the rate of hydrolysis is decreased by a
factor of 2—3.25,26

The time of formation of complexes of 16—18�mer
oligonucleotides with structured RNAs is comparable with
the time of the cleavage of an RNA target under the
action of the most efficient oligonucleotide conjugates.27

At the same time, the strengths of binding of an oligo�
nucleotide conjugate with an RNA target and its hydro�
lysis products are virtually the same, which leads to the
inhibition of artificial nucleases by hydrolysis products
and, as a consequence, the catalytic mode of hydrolysis
cannot take place. Hence, optimization of the structure of
the conjugate as a whole, and not only of its catalytic
portion, is of importance for the enhancement of the
efficiency of RNA cleavage (a decrease in the concentra�
tion of the reagents and an increase in the hydrolysis rate).

The ways of overcoming these problems are known,
these were tested for oligonucleotide conjugates with
metal complexes. It was suggested that a catalytic group

Scheme 3

Reagents and conditions: a. 1) Ph3P/(PyS)2/DMAP, 2)

* Unpublished results.
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be inserted into the middle part of an oligonucleotide to
decrease the constant of binding of an oligonucleotide
conjugate to the RNA target. With the aim of preventing
hydrolysis in a stable double�stranded fragment of the
complex, an artificial looping�out of several nucleotides
units protecting the catalytic group was formed.28

The strategy for the insertion of catalytic groups at
the termini of oligonucleotides proved to be unsuitable
for the above approach. We developed a more common
procedure for the design of oligonucleotide conjugates
with catalytic groups. For this purpose, we synthesized a
set of phosphoramidites 8—10 which contained less bulky

Scheme 4

A, the introduction of a monomer bearing methyl oxamate precursor groups in a particular step of the oligonucleotide synthesis;
B, the reaction of protected oligonucleotide with histamine; C, deprotection and elimination of the oligonucleotide conjugate from
the polymeric carrier.
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precursor groups based on methyl oxamate in different
positions of nucleotides. These phosphoramidites are
stable in the course of the oligonucleotide synthesis and,
at the same time, are readily functionalized in the
postsynthetic step.

These phosphoramidites can be used for the insertion
of one or several modified nucleotide units into different
positions of the oligonucleotide address, which allows
one to prepare oligonucleotide conjugates containing from
two to several tens imidazole residues.29 The synthesis of
oligonucleotide conjugates with the use of model pre�
cursor groups based on methyl oxamate is presented in
Scheme 4. Synthetic ribonucleases, which were prepared
according to this scheme and contained two imidazole
residues, cleaved an RNA target with the efficiency of
90—100% in 8 h.30

It is hoped that the proposed strategy in combination
with the techniques of combinatorial chemistry will en�
able one to prepare synthetic ribonucleases highly com�
petitive in efficiency with natural biocatalysts in the near�
est future.
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