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Abstract. Oligonucleotides and their analogs can form specific complexes with RNA, DNA and
various proteins interacting with nucleic acids. Results of in vitro studies evidence that the
compounds may affect expression of specific genes and can be considered as potential efficient
and specific biologically active compounds of therapeutic value. Studies on antiviral activity of
oligonucleotides are strongly suggestive that they can suppress transcription and translation of
viral nucleic acids and may interfere with the process of the virus - cell interaction. In this paper
results of recent studies on oligonucleotide derivatives as gene-targeted drugs are surveyed.

INTRODUCTION

Fragments of nucleic acids, oligonucleotides, possess a unique capability of specific interactions with
the most important biopolymers responsible for storage, processing and realization of genetic information -
nucleic acids and proteins interacting with nucleic acids. Due to their unique targeting potential,
oligonucleotides and oligonucleotide analogs are considered as promising structures for design of novel
biologically active compounds that will be able to inactivate foreign genetic information of infectious agents
and regulate expression of the inappropriately functioning cellular genes, e.g. overexpressing genes causing
cancer. An important advantage of oligonucleotide derivatives is that in contrast to conventional drugs they
affect directly genetic programs of organisms. The number of mRNA molecules is far less then the number
of the protein molecules synthesized on the messengers and DNA is present at only a few copies per cell in
the case of endogeneous genes or latent viruses. Therefore, in theory, only small amount of
oligonucleotides is required to affect a given biochemical process. In contrast to the protein targeted drugs
which can cause only temporal biochemical effects by inactivating specific proteins which will be produced
again by the cell, the nucleic acid targeted oligonucleotides will inactivate or destroy the corresponding
genetic material and stop competely production of the disease making protein. Therefore oligonucleotides
offer the prospect of long acting therapeutics.

Since first attempts to develop reactive derivatives of oligonucleotides capable of modifying nucleic
acids in sequence specific way (ref. 1), and to use oligonucleotides to control viruses proliferation (ref. 2),
considerable progress in design and biological studies of oligonucleotide analogs and conjugates has been
achieves (for reviews see refs. 3-10). Recent experimental studies demonstrate that chemical modifications
of the natural oligonucleotides and synthetic analogs can improve pharmacological properties of the
compounds and lead to the development of efficient therapeutics.

OLIGONUCLEOTIDES AS TARGETING STRUCTURES

A major advantage of oligonucleotides as targeting structures is the relatively simple rational design
of the compounds capable of binding only to specific target nucleic acids. The principles of interaction of
oligonucleotides with polynucleotides are well understood. Oligonucleotides can be directed in a Watson-
Crick fascion toward complementary single-stranded nucleic acids or via triple-helix formation toward
double-stranded DNA targets. Calculations show that oligonucleotides need to be only 15-18 nucleotides in
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length to specify an unique target in human cell. Therefore, in principle, any sequenced nucleic acid unique
to a disease can be targeted with corresponding oligonucleotides of reasonable length which form
suffisiently stable complementary complexes in physiologic conditions and can be easily synthesized. It is
important, that oligonucleotide derivatives targeted to different nucleic acids can be prepared in a rational
way from a standard set of chemical precursors which provides the possibility to use universal technology to
synthesize drugs for treatment various diseases. Chemical methods for synthesis of oligonucleotides have
undergo dramatic improvement in the last years. Natural oligonucleotides and some analogs can now be
synthesized using automated synthesizers in amounts and at prices which open up the possibility of large
scale animal and human tests.

There are two types of nucleic acid targets for oligonucleotides. The first type is single stranded
RNAs of which the most important are the viral RNAs and messenger RNAs. Sinse they are coding, sense
nucleic acids, the complementary oligonucleotides have been given the name "antisense" oligonucleotides.
The RNAs are located in cell cytoplasm (mRNA, viral RNA) and nucleus (new synthesized mRNA
precursor species). It should be mentioned, that physiologic conditions, single-stranded RNAs are folded in
compact structures and many of the sequences are not accessible for oligonucleotides because they are
buried within the RNA structure. Therefore, for efficient targeting RNA, knowledge of the secondary
structure of the molecules is needed. Experimentally it was found, that efficient targeting is usually achieved
with oligonucleotides complementary to the 5'-terminal part of mRNAs and to the splice junctions of the
mRNA precursors.

The second type of the nucleic acid targets for oligonucleotides is the double stranded DNA. It was
found that homopurine-homopyrimidine sequences in dsDNA can be targeted with natural purine and
pyrimidine oligonucleotides capable of firming triple-stranded complexes with DNA by binding into the
wide groove of the corresponding homopurine-homopyrimidine sequences (for recent reviews see refs.11-
20). The possibility to use natural pyrimidine oligonucleotides as the targeting structures is limited because
for the triple-stranded complex formation, protonation of cytidines is required and they bind to DNA only
below pH 6. Purine oligonucleotides form triple-stranded complexes with DNA in physiologic conditions.
Under controlled conditions binding of oligonucleotides to DNA can be very specific (e.g. ref. 19).
However the possibility of specific targeting cellular DNA using the triple helix approach is questionable
because of the existance of a few recognition schemes within the triple helices (ref. 11,12) and the
possibility of formation of nonperfect triple-stranded complexes (refs. 21,22). To develop oligonucleotides
capable of interacting in a sequence-specific fashion with mixed DNA sequences in physiologic conditions, a
number of oligonucleotide analogs containing unnatural bases have been synthesized (refs.13,17,23,24). It
remains to be investigated also, to what extent cellular DNA is available for the triple helix formation in the
chromatin structure.

The triple-stranded complex formation is not the only approach to target DNA. It was found, that
oligonucleotides can form complementary complexes with some sequences in cellular DNA (ref. 25) which
may be either true open by nature sequences or sequences which open up in the presence of
oligonucleotides due to some yet unknown mechanism. Development of oligonucleotide analogs capable of
opening double-stranded DNA structure due to formation of tight complementary complexes may provide a
general approach to affect specific cellular genes and proviruses. One successfull attempt to develop such
compounds was the synthesis of oligomers consisting of thymine-linked aminoethylglycyl units. These
analogs containing polyamide backbone form extraordinarly stable complementary complexes and can
recognize their complementary target in dSDNA by strand displacement (ref. 26).

A number of oligonucleotide analogs was designed in order to obtain compounds with favourable
therapeutic properties. Stability of oligonucleotides toward nucleases can be improved by modifications of
the phosphate linkages or the sugar. The most commonly used approaches to prepare nuclease-resistant
oligonucleotides were to substitute one of the non-bridging oxygen atoms on the phosphate groups with
either a sulfur atom or a methyl group or to conjugate some bulky group to the 3'-end of oligonucleotides
(for review see refs. 27-29).

Since the efficacy of oligonucleotide action will depend on concentration of the compounds in the
cells, modifications were introduced in oligonucleotides to improve their cellular uptake. An example is the
electroneutral methylphosphonates which enter cells more easily than the natural oligonucleotides . The
problem is that each phosphorus atom of these compounds is a chiral center and the oligonucleotides are
mixtures of isomers, which have different abilities to form complementary complexes. The methods for
stereospecific synthesis of the compounds need further development to yield uniform population of the
active molecules. To anchor oligonucleotides to the cell membrane and facilitate their uptake,
oigonucleotides were conjugated to various lipophilic groups, e.g. cholesterol (refs. 30,31) and polymers
known to be taken up by cells efficiently, e.g. polylysin (ref. 32). Receptor mediated delivery was used to
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direct oligonucleotides to tumor cells overexpressing transferrin receptors. The targeted wehicle was the
transferrin-polylysin conjugate; oligonucleotides were bound to the polysysin (33).

To enable oligonucleotides to modify the target nucleic acids covalently or to destroy them, various
reactive groups were conjugated to the compounds (for reviews see refs. 5-7,34). Oligonucleotides were
conjugated also to relatively nonspecific DNA-binding ligands such as planar aromatic structures
intercalating themselves between the bases of nucleic acids and strenghtening the complementary complexes
(7). This allows to use short oligonucleotides as targeting structures in physiologic conditions, where the
parent unmodified oligomers do not form stable complexes.

Although the most advantageous targets for oligonucleotides are nucleic acids, it should be noted,
that the compounds can be used as specific inhibitors of certain proteins, in first line, polymerases of nucleic
acids and regulatory proteins which recognize DNA and RNA substrates.

Recently developed combinational approaches imitating the natural process of evolution at the
molecular level, allowes to obtain oligonucleotides capable of recognizing specific proteins and small
molecules. These oligomers have been given the name "aptamers"(ref. 35). The method resides on chemical
synthesis of a very large random pool of oligonucleotides, each having a different sequence, selection of the
molecules capable of binding to specific molecules by affinity chromatography or filter binding and
enzymatic amplification of these oligonucleotides and their sequencing to identify the motif, providing the
structure needed for the recognition.

PHARMACOLOGY OF OLIGONUCLEOTIDE DERIVATIVES

It was considered unlikely that natural negatively charged oligonucleotides could enter cells because
they can not cross lipid membrane of the cell wall. However experiments have shown that incubation of cells
with oligonucleotide derivatives leads to accumulation of the compounds in the cytoplasm and nucleus of
cells (for reviews see refs. 36,37). The distribution pattern varied according to the cell system and
oligonucleotide derivative used. The compounds were shown to be taken up by the endocytosis mechanism.
Specific proteins at the surface of various cells have been detected which bind nucleic acids and may be
specific receptors mediating the nucleic acids uptake (38,39). A number of modifications mentioned in the
preceeding section facilitate uptake of oligonucleotides by mammalian cells. Encapsulation of
oligonucleotides in liposomes, viral envelopes and erythrocyte ghosts allowed efficient intracellular delivery
of the compounds (36).

Natural oligonucleotides are rapidly degraded by nucleases present in cells and blood serum. 3'-
endonucleases were identified as a principal source of the degradation. Conjugation of various bulky groups
to oligonucleotides termini and modifications of the phosphate linkages (40-43) extended the serum half-life
of oligonucleotides from minutes to hours and days.

Natural oligonucleotides and the methylphosphonate and phosphorothioate analogs showed low
toxicity in animal tests (28,36,37). When injected into animals intravenously or intraperitoneally,
oligonucleotides rapidly distribute themselves throughout all tissues and organs, the brain being the less
accessible (36,44,45). Normal phosphodiester oligonucleotides and the methylphosphonates are excreted
rapidly by kidney. Half-life of the compounds in the serum of mice was of the order of 20 min. However a
part of the compounds was retained in tissues and a few hours post injection some material still was found
there undegraded. A few injections per day can sustain concentration of the compounds in an organism
compatible with that needed for the antiviral effect of oligonucleotides since in some cases oligonucleotide
derivatives are efficient in tissue culture at a concentration of 0.1 pM which corresponds to a dose of 0.5
mg/kg body weight. In experiments with mice it was found that oligonucleotides can be introduced in
organism by application to mucosa (the most efficient was the intranasal administration, ref. 46).
Distribution of oligonucleotides in an organism and their fate depend on their interactions with proteins in
the blood stream and at the cell surface. In addition to the above mentioned nucleic acids binding receptors,
oligonucleotides and the phosphorothioate analogs bind to celular CD4 receptors and to immunoglobulins
present in the blood (ref. 47,48). These interactions are relatively nonspecific and occur at some anion
binding areas of the proteins. The cholesterol-conjugated oligonucleotides bind to the CD4 receptor more
tightly than the parent oligonucleotides. In the bloodstream, these modified oligonucleotides bind to the
blood cells which results in longer circulation time of the undegraded compounds in the organism (36,49).

OLIGONUCLEOTIDES AS AFFINITY REAGENTS FOR MODIFICATION OF NUCLEIC
ACIDS, SPECIFIC INHIBITORS OF GENE EXPRESSION AND ANTIVIRAL AGENTS

A great number of reactive derivatives of oligonucleotides have been synthesized (refs. 5-8,34),
which are able to form crosslinks with nucleic acids (e.g. alkylating derivatives of oligonucleotides), or to
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cleave nucleic acids (e.g.oligonucleotides bearing the groups producing free radicals). In experiments in
vitro it was found that the derivatives can bring about sequence specific modification of both single stranded
and double stranded nucleic acids. One application of these sequence specific reagents can be coupling of
reporter groups to specific positions of nucleic acids for investigation of folding and interactions of the
macromolecules. Another potential application is the sequence specific fragmentation of nucleic acids. The
reagents are specific enough to consider them as potential tools for cleavage of DNA to large fragments for
the purposes of mapping and sequencing of large genomes (ref. 19).

The main goal in design of oligonucleotide derivatives is the development of specific inhibitors of
gene expression. In some cases oligonucleotide binding per ce affects functions of the target nucleic acid by
masking of a sequence needed for binding of a specific protein. The formation of triple stranded complexes
of oligonucleotides with specific sequences in DNA recognized by some enzymes or regulatory proteins
inhibits binding of the proteins to the DNA and can arrest transcription initiation (ref. 14,16,20).
Oligonucleotides complementary to the 5'-terminal part of mRNAs arrest efficiently translation of the
messengers in the cell free systems by interfering with binding of the initiation factors and ribosomes to the
mRNAs. However oligonucleotides complementary to the central part of the messengers can be displaced
by the translating ribosomes. They are only active when their complexes with RNA are substrates for
ribonuclease H, an enzyme cleaving the RNA component in the DNA-RNA complexes, and the enzyme is
present in the system (for reviews see 5,7).

A general approach to affecting functions of specific nucleic acids consists in chemical modification
of the targets. Reactive oligonucleotide derivatives which bind to mRNA covalently, block the mRNA
translation efficiently irrespective of the ribonuclease H presence.

For the therapeutic purposes efficient and nontoxic reactive derivatives of oligonucleotides need to
developed. To this end, attempts are made to design efficient catalytic groups which would react with
nucleic acids repeatedly like the catalytic centers of enzymes. For cleaving RNA, the groups may be simple
imitations of the catalytic center of ribonucleases or ribozymes or complexes of metals known to cleave
RNA. Oligonucleotides equipped with such groups might be used for efficient temporal arrest of synthesis
of specific cellular proteins and for inactivation of viral nucleic acids. For irreversible silencing of specific
cellular genes, some modifications should be introduced in the DNA. This can be achieved by using
oligonucleotide derivatives capable of covalent crosslinking to the regulatory region of the genes at the sites
recognized by transcription factors. However the response of the reparation system to such modifications
should be investigated to predict long term effects.

Experiments with oligonucleotides targeted to specific cellular mRNAs or viral RNAs in infected
cells evidence, that the compounds reach their targets in cytoplasm and can down regulate protein synthesis
in cells. Oligonucleotides have been reported to inhibit growth of different viruses in cell culture, including
such important viruses as human immunodeficiency virus (HIV) associated with AIDS, influenza, herpes
and hepatitis B (3,4,8,10). Modifications of the oligonucleotides facilitating cellular uptake of the
compounds, protecting them from nucleases and providing with ability of covalent or tight noncovalent
binding to the target nucleic acids improved efficacy of the compounds.

In many cases the antiviral activity seemed to be the result of the complementary interactions of the
compounds with target nucleic acids. There are also evidences that oligonucleotides may interfere with virus
multiplication via some other mechanisms. The most thorough studies were carried out with HIV-1 (28,37).
In experiments with the cells chronically infected with the virus, it was found that perfectly matched
oligonucleotides are superior to the mismatched ones in inhibition of the HIV replication. However, in the
case of the freshly infected cells, activity of oligonucleotides was relatively sequence independent. Thus, the
phosphorothioate oligomers inhibited HIV replication even though mismatched oligonucleotides or
homooligonucleotides were used. It was found that the compounds inhibit essential viral enzyme, reverse
transcriptase (for reviews see 28,37,29). Another source of the antiviral activity of oligonucleotides arizes
from the interference of oligonucleotides with the virus-cell interaction. It was already mentioned, that
oligonucleotides bind to CD4 receptors. It was also shown that they can compete for the receptor with the
HIV-1 envelope glycoprotein gp120 (29,47) which targets the virus to the cells bearing CD4 receptors. The
above mentioned mechanisms of the antiviral action of oligonucleotides explain why in many cases
multiplication of different viruses was suppressed by "control" oligonucleotides and polynucleotides which
are not supposed to form stable complexes with viral nucleic acids.

The results of a few reported animal tests on antiviral activity of oligonucleotides (3,4) are quite
promising and suggest the existence of a few mechanisms for antiviral action of oligonucleotiides.
Oligonucleotides were reported to have protective effect in animals infected by different RNA viruses. The
compounds showed substantial therapeutic activity at low doses and the effect was not strictly sequence
specific. Although these effects might be rationalized as result of competition among the oligonucleotides
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and viral nucleic acids for some proteins essential for viruse development, stimulation of the immune system
or some other defence mechanisms could not be excluded.

CONCLUSION

Development of the gene targeted oligonucleotide derivatives capable of affecting functions of
nucleic acids in the living cell opens up unusual possibilities for rational design of therapeutics and offer the
potential to revolutionize the phermaceutical industry. The present state of development of the
oligonucleotide derivatives allows one to hope for the development of the compounds for treatment of
diseases for which there are presently no effective therapy. The key problems to be solved in the near future
is the development of approaches for efficient delivery of the compounds into cells and design of the
efficient nontoxic reactive groups which would allow the oligonucleotides to inactivate the genetic
programs responsible for the disease irreversibly.
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