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With the advent of oligonucleotides as potential therapeutics, the search for modified analogs of nucleic acids having im-
proved properties, such as increased stability against nucleases, improved cellular uptake and enhanced binding affinity to
complementary nucleic acids with high specificity, has accelerated rapidly and has attracted considerable attention. Specific
binding through natural base pairing has become inereasingly important for the development of DNA based diagnostics as
well as therapeutics in the form of antisense and antigene oligonucleotides. Modified DNA based oligonucleotides can affect
the gene expression at the level of translation as well as transcription. The automation of oligonucleotide synthesis, the de-
velopment of better coupling reagents as well as support system and efficient scale-ups have expanded the application of
these molecules to diverse areas of fundamental as well as applied biological research. The modified molecules are expected
to find answers to understanding, unveiling and utilizing the intricate methods of cell functioning at the molecular level and
would provide applications in genetic engineering, gene therapy and cellular regulations in an array of conditions. In this
review, the synthesis or the assembling of oligonucleotides modified at the backbone, or at the base, or at the sugar resi-

dues, has been brought into sharp focus.

Oligonucleotides form stable double helixes under appro-
priate conditions by binding to single stranded nucleic ac-
ids, if these are sequences complementary and antiparallel
to the single stranded nucleic acids. This property makes
them useful as diagnostic reagents as well as tools in mo-
lecular genetics. Certain oligonucleotides bind specifically
to a variety of proteins. Biological processes involving such
proteins can be affected by the addition of the reacting oli-
gonucleotides. Such properties of the synthetic oligonucleo-
tides make them useful in biology 8. The property of oli-
gonucleotides forming stable double helixes has been used
in medicinal biotechnology for their applications as antisense
oligonucleotides targeting specific mRNAs. Such bindings
have been shown to modulate or inhibit the gene expression
at the translation stage (Fig. 1). These molecules are being
considered as the potential new generation pharmaceuti-
cals?"!3. Table 1 lists some such compounds and their
present status of use or development as pharmaceuticals by
some companies. The information was retrieved from the
Internet websites of the companies. On the parallel lines of
antisense compounds, if an oligonucleotide is carrying a
reactive group, it can modify or attach itself covalently to
its binding partner. An oligonucleotide carrying a dye mol-
ecule can be localized in a biological system; enzyme bound
oligonucleotides can be detected by the enzyme specific cata-
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lytic reactions. For many applications in molecular biology,
identification and isolation of specific sequences in a ge-
nome is a basic requirement, and therefore oligonucleotide
probes are used extensively for this purpose?. Until recently,
synthetic oligonucleotides, tagged with radioisotopes, were
the only means to prepare such sensitive probes. These mol-
ecules, though useful, suffer from certain inherent drawbacks,
like short half-lives, radiation hazards and disposal prob-
lems. Many recent studies' 9" have exposed synthetic oligo-
nucleotides, which include their susceptibility against nu-
cleases, lower stability of the duplexes formed with medium
chain length oligonucleotides and their lack of penetration
of lipophilic cell membranes.

To overcome the above mentioned obstacles, modifica-
tions were introduced in the synthetic oligonucleotides so
that (a) non-radioactive labels or fluorophores could be at-
tached to them, (b) they could be able to cross or penetrate
the lipophilic cell membrane, (c) be able to hybridize ra-
pidly and selectively to obtain a stable duplex, (d) should
be cheaper to prepare in high purity, and (e) should be suffi-
ciently stable towards nucleases. Oligonucleotides thus
modified should find numerous applications in molecular
biology and biotechnology?!. Modified oligonucleotides
have indeed been designeq already for various applications
(Table 2).
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Table 1. Some antisense oligonucleotides and their status of use as drugs

Given name of the Targeting disease

oligonucleotide drug

Current status of
approval as a drug

Ownership Company

Vitravene Retinitis (AIDS) Approved Isis Pharmaceuticals Inc., USA
ISIS 2302 Crohn's disease Phase 11 Isis Pharmaceuticals Inc., USA
ISIS 2302 Rheumatoid arthritis Phase 11 Isis Pharmaceuticals Inc.. USA
1S1S 2302 Ulcerative colitis Phase |1 Isis Pharmaceuticals Inc., USA
ISIS 2302 R T rejection Phase 11 Isis Pharmaceuticals Inc., USA
IS1S 3521 Ovarian cancer Phase 11 Isis Pharmaceuticals Inc., USA
I1S1S 5132 Cancer Phase 11 Isis Pharmaceuticals Inc., UUSA
1518 2503 Solid tumors Phase | Isis Pharmaceuticals Inc., USA
ISIS 13312 Retinitis (AIDS) Phase /11 Isis Pharmaceuticals Inc., USA

GEM 91 HIV (AIDS) Phase | Hybridon Inc., USA

GEM 92 HIV (AIDS) Phase | Hybridon Inc., USA

GEM 132 CMV-Retinitis Phase I Hybridon Inc.. USA

GEM 231 Tumors Phase 11 Hybridon Inc., USA

Go3139 Cancer Phase II Genta [nc., USA

LR 3280 Stent restenosis Phase | Lynx Therapeutics Inc., USA

LR 3001 Leukemia Phasc 11 Lynx Therapeutics Inc., USA

LR 4437 Tumors Phase | Lynx Therapeutics Inc., USA
GPI 2A AIDS Phase | Novopharm Biotech Inc., Canada
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Fig. 1. Schematic representation of action ol antisence oligonu-
cleotides.

Table 2. Applications of modified oligonucleotides

Particulars of broad applications Ref.
Detection of genetic discases 22
Assignment of gene functioning 23
Flucidation of mechanism of various enzymes 24
Preparation of chemical nucleases 25
Applications in diagnostics 26
Sequencing applications 27-30
Fluorescent microscopy 31
Hybridization affin.y chromatography 32
Anusense oligonucleotides 3337
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An oligonucleotide chain consists of purine or pyrimi-
dine bases, a sugar residue and an internucleotide phosphate
backbone, all of which are amenable to modifications (Fig.
2). Therefore, onc or more sites of modification can be in-
corporated into the synthetic oligonucleotides. Modified oli-
gonucleotides can be and has been synthesized without much
alteration in the commercially available automated DNA
synthesizers. The modified nucleotide derivatives are added
in an analogous manner as the normal nucleotides are
coupled. The derivative with the desired modification or an
intermediate, which can also be converted into the desired
modification later on, can be used for the synthesis. Several
protocols have been developed for the synthesis of these
modified analogs of oligonucleotides. Generally, modifica-
tions by chemical synthesis at the ends (5'- or 3’-) and at the
backbone (phosphate groups) of the oligonucleotides are
easier to achieve.

In this paper we have reviewed different types of modi-
fications introduced into the oligonucleotides and the effi-
cacies in achieving the specific goals.

End modifications

End modifications®®74 are relatively easy to bring about

and have advantage of not destabilizing the hybrid, when
used as hybridization probes. Besides being used for the
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Fig. 2. Sites (marked with arrows) amenable to modifications.

preparation of non-radiolabelled probes, end modified oli-
gonucleotides bearing an intercalator or reactive group at
either or both the termini find widespread usage as antisense
oligonucleotides. Conjugates of the 3’-end modified oligo-
nucleotides show a marked improvement in cellular stabi-
lity, while oligonucleotides bearing hydrophobic groups at
either of the termini show improved penetration of cellular
membrane.

As the requirements of individual modified oligonucleo-
tides are in very small quantities, the solid phase polymer
supported synthesis has taken over the synthesis from the
solution phase operations. The system is easy to control and
provides higher molecular conversions. The polynucleotide
chain remains bound to the support throughout the course
of chain-elongation and chain-modification, the stepwise
separation or purification or characterization can be avoided,
the large excess of reagents employed to force the reaction
to completion can easily be washed off and the desired prod-
uct can be obtained in high yields. Further, the repitition of
similar or identical steps allows to automate the solid phase
synthesis. Two polymer support materials based on con-
trolled pore glass and polystyrene, respectively, both indi-
vidually and independently, have taken over the use of most
of the other support systems. The processes have been stan-
dardized to use 20-25 atoms spacer arm for the smooth
operation during end modifications. We have recently re-
viewed the area of polymer supports for the synthesis and
modification of oligonucleotides*2.

3 “End modifications :

This type of modifications (Fig. 2) can be introduced

using either solution phase, enzymatic or solid phase meth-
ods. However, the number of such methods is relatively
small. This is due to the fact that most of syntheses are cur-
rently carried out on solid supports and during the solid
phase synthesis, the 3’-end is unassailable for further ma-
nipulations. Some of the support systems are shown in Fig.
3 for the introduction of functionality at 3’-end. These meth-
ods can broadly be categorized under following heads :

Support based methods : The limitations imposed by
the solid phase methodology on the modification of the 3'-
end of the oligonucleotides, is circumvented by modifying
the solid support itself. This is generally achieved by at-
taching a modifying linker to the support. The linker itself
may contain the label or the reactive molecule (where the
nature of functionalities in the label/hapten or the reactive
molecule so permits, without protection, if otherwise then
with a suitable protection). The synthesis of desired oligo-
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Fig. 3. Reagents for 3-end modification.
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nucleotides on modified support. following standard proto-
cols, gives rise to oligonucleotides with desired functiona-
lity at 3"-end during deprotection under specified conditions.
The other method relies on the phosphorylation of the sup-
port with a building block that would permit chain elonga-
tion and upon deprotection, yield a labeled oligomer directly
or one bearing a reactive group. Thus methods are availa-
ble for the introduction of a phosphate3$47-36 aminoal-
kyl48-34.74  peptide-oligonucleotide conjugates®-63,
mercaptoalky13:69-74 !hiophospha:c45'56‘53, partially pro-
tected thiol”2, acridinyl and cholesteryl group® 2 at the
3’-end of the oligonucleotides.

Another solid support based approach that has been used
to incorporate 3’-end modification is based on the use of
ribonucleoside attached to the support, which upon
deprotection leads to oligonucleotides having a ribose at
the 3’-end. The ribonucleoside is then subjected to periodate
oxidation to an aldehyde group which, in turn, is converted
into an amino group by reductive amination®,

Solution based methods : Using triester approach a 3'-
phosphate group can be introduced readily, the 3'-phosphate
can then be condensed with a hydroxyl group in the side-

chain of a label like acridine or phenanthroline or its deriva-
tive 849,

Enzymatic methods : One of the approaches permitting
attachment of a label at the 3’-end makes use of T4 RNA
ligase to incorporate a ribonucleoside residue at the 3’-end.
This residue gives a reactive handle through a sequence of
reactions involving periodate oxidation and reductive
amination®®, Likewise methods have been reported for the
incorporation of biotin-11dUTP and biotinylated analogs®*,

5 “End modifications :

The 5"-end modifications (Fig. 2), as a class, have been
the subject of maximum number of reports on modifica-
tions of oligonucleotides. The main reasons for this are : (i)
like the 3’-end modifications discussed above, they do not
adversely affect the stability of the hybrid (when used as
hybridization prebes), and (ii) these are easy to be intro-
duced. Thus using a suitable synthon (amidite or
phosphonate), a nucleophilic group or a label can be intro-
duced directly by performing the last coupling reaction with
the modified synthon instead of the conventional one. Two
types of approaches have been used; first, those incorporat-
ing a nucleophile in a protected form, which is labeled in a
subsequent post-synthetic step. Second approach is based
on direct ligand attachment. Thus, phosphorylated reagents
have been used for the introduction of groups like phos-

phates”53! aminoalkyI32-1% and thioalkyl "% "Y_ Some
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Fig. 4a. Reagents for 5"-end modification
of the reagents used are shown in Figs. 4 (a and b) for the
introduction of ligands diectly or indirectly '20-129,

Sugar modifications

The approach so far discussed suffers from one or the
other disadvantages. It has been pointed out that the end
modifications which place the functional group at either of
the termini are limited in scope as they do not permit inter-
action of the modifying groups or functionalities with sites
located within a complementary sequence. In recent reports,
modifications in the sugar moiety have been suggested as
the method of choice. The most commonly used position
for such modifications is 2’-end (Fig. 2) of ribonucleo-
sides 39136 Modifications can also be introduced at other
positions (1= and 47-)137-140 byt these are not used so fre-
quently as 2’-position is used. The reason may be that modi-
fications at these positions are possible only prior to the
attachiment of the base to sugar residue. Therefore, only lim-
ited number of reports have been published. Recently, ribo-
nucleosides functionalized at the 2-position have been in-
corporated into oligonucleotides for post-synthesis conju-
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Fig. 4b. Reagents for direct attachment of ligands.

gaticn of ofigonucleotides with intercalators, nucleic acid  sides with modified sugar entities (thiosugars, acyclic,
cleaving agents, cell surface interacting phospholipids and  carboceylic, ete. as discussed in later section) are also being -
dlagnostic agents such as fluorescent labels. Besides, nucleo-  used as therapeutics.
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2-Position :

The modification at 2’-position of the ribonucleosies was
introduced in order to impart some stability under physio-
logical conditions. Initially, the modification at this posi-
tion was confined to 2"-O-methyl derivatives, which also
occur naturally, are isolated and characterized. The most
striking feature of this modification is that the oligoribo-
nucleotides can be assembled in a similar fashion as
oligodeoxyribonucleotides are synthesized and these form
stable duplexes with RNA as compared to DNA. Moreover,
the same modification improves stability towards nucleases.
The monomeric unit can be generated by alkylation of an-
ion resulting from sodium hydride treatment in aprotic sol-
vent at lower temperature. Besides, functional group can
also be introduced which can further be used for conjuga-
tion purposes. Using 2"-amino linker, several molecules have
been conjugated to improve the properties of oligonucleo-
tides required for antisense research, e.g. cholic acid for cel-
lular uptake, pyrene and acridine as intercalators, azides as
photoactivable cross-linking agents and polyamines as cleav-
ing agents. Fig. 5 shows some of the groups used for conju-
gation at 2"-position. The introduction of amino-linker at
2’-position does not affect duplex stability against RNA and
even offers some small stabilization as the said modifica-
tion lies in minor groove. Similarly, mercapto-linker has
also been introduced at this position for attaching thiol group
specific fluorescent molecules to study uptake of oligonucleo-
tides.

Other positions :

Recently, Matsuda et al. 136 have demonstrated a new
site for modification, i.e. 1'-position that also lies in the
minor groove. This position has been selected for the intro-
duction of an aminoalkyl tether (Fig. 6). It has been illus-
trated in that work that the reporter or the functional group
would be accommodated in the minor groove when oligo-
nucleotide analogs form duplexes with complementary
strands.

a-Oligonucleotides : The c-anomer of a 2’-deoxy-
ribosugar has the base inverted with respect to the natural
B-anomer. Oligonucleotides containing c-anomeric sugars
have been shown to possess resistance against nuclease deg-
radation. Therefore, for a specific purpose, they can be used
for attaching intercalators such as acridine, psoralen and
phenanthroline derivatives, chain cleavers and other reac-
tive groups!41-143,

Base modifications

Modifications at nucleobases are generally considered
the most difficult to be achieved but still are in the great
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demand. Therefore, one finds a plethora of reportsl“”’lq2
for the synthesis of base modified oligonucleotides. Most of
the methods rely on the introduction of masked amino,
mercapto or carboxyl group(s) through an alkyl chain either
through naturally occurring sites in nucleobases or through
an electrophilic site (C-5). The linker molecule can also be
introduced with a reporter group in the nucleotide before
incorporation into growing chain. A variety of intercalating
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agents, fluorescent groups IRL.L48 peptides, proteins, cross-
linking agents'®! and other groups have been coupled to
different positions in pyrimidines and purines. In general,
these approaches entail the preparation of a suitable synthon
from a duly modified nucleoside. A careful selection of pro-
tecting groups is required to avoid the formation of side-
products. This strategy allows introduction of any number
of modified bases in the oligonucleotide chain at pre-se-
lected positions. Oligonucleotides, incorporating modified
bases have extensively been used for the study of DNA-
protein interactions '”3. Therefore, modification of the he-
terocycles requires intelligent designing, since base pairing
must be maintained through a combination of proper hy-
drogen bonding and base stacking interactions.

Pyrimidine modifications :

Modifications in this class (with C-4 and C-5 positions
being the preferred sites) are comparatively easy to achieve
by making use of mild chemical conditions without the for-
mation of side products.

The C-4 position of thymine and cytosine has extensively
been used for introducing functionalities. For the attach-
ment of a linker arm (Fig. 7), this position requires activa-
tion, which can be achieved in one ofthe following ways :

NHR R = —{CH ), NHCOICH 215 NHCOCF 3
HN X n=2,3,5,6
O,J | —ICH21» NHCOCF 3
| —ICH1g NHR'
X =-H,
=CHy —ICH2)p SSICH2), NHp
n=n;=2o0r3
—ICHp), COOH
R'= 2,4, - Dinilrophenyl n=1.3
= Biolinyl
= Donsyl

=3 - Pyrenesulfonyl

Fig. 7. Modification at C-4 position in pyrimidines.

(i) A triazole derivative is prepared at C-4 position, which
in the subsequent reaction is displaced by nucleophiles. This
is used as a general purpose reagent. The other leaving
groups such as p-toluene sulfonyl'%®, o-nitropheny1'®7 and
2,4,6-trimethylpheny!'®® have also been used. Recently,
MacMillan and Verdine 9819 have reported the synthesis
of oligonucleotides having different linker molecules with
reactive group at C-4 position of uracil by making use of O-
4-trimethylphenyl derivative. In a similar fashion, Brun e
al ' introduced 4-triazolide derivatives during synthesis
of oligonucleotides and subsequently labeled them with bio-
tin, using, 1,10-diaminodecane as a linker.

(ii) The second method to obtain C-4 modification in-
volves bisulfite catalyzed addition reaction'”” across the 5,6-
double bond that greatly helps in the nucleophilic displace-
ment of amino group at C-4 position of cytosine, termed as
transamination reaction. The reaction involves the deami-
nation of cytosine derivative in bisulfite solution, whereas
in the presence of primary amines, transaminated product,
C-4 substituted cytosine is obtained. Fig. 7 shows some of
the modifications that have been introduced at C-4 of cy-
tosine.

(ii1) In the third strategy, displacement of sulfur from 4-
thiopyrimidine by an alkylamine or direct alkylation with
o-haloacetamide derivatives or phenacyl bromides is car-
ried out to prepare a number of conjugates' "%

On the modifications at C-5 position, a relatively large
number of methods have been reported in the last few years.
This position offers an added advantage of being a major
groove modifier and does not interfere in the hybridization
process. Oligonucleotides containing 5-fluoro, bromo, alkyl,
alkenyl and alkynyl derivatives'?*1%7 show improved base
pairing, which can be explained on the basis of increase in
the acidity of the N-3 proton that enhances the base stack-
ing interactions of duplexes. Increased cellular uptake was
also observed due to the hydrophobic nature of the above
substituents. The method for their introduction involves the
reaction of mercuro or halogeno derivatives with an alkynyl
or nucleophilic group in the presence of Pd!! species!*®. The
various linker molecules that have been introduced at C-3
position of uracil base residue are listed in Fig. 8. In a novel
approach to introduce ribonuclease mimics in the oligonucle-
otide chain, Bashkin er al. %% have attached an imidazole
ring in the side chain of a linker molecule at C-5 position
and incorporated this molecule at preselected positions via
solid phase methodology.

Purine modifications :

In case of purines, C-2, C-6 and C-8 positions are avail-
able for modification. Since C-2 and C-6 positions are in-
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volved in hydrogen bond formation, substitutions at these
positions lead to destabilization. Perhaps for this reason the
modifications have not been considered important and there-
fore, only few reports'89-199-203 are available on this sub-
ject. In general, the procedures for conjugation at these po-
sitions involve the displacement of halogeno derivatives with
a variety of nucleophiles. In order to incorporate post-syn-
thesis modifications, one group of investigators2* has acti-
vated C-6 position of deoxyguanosine with pentafluo-
rophenyl group for the conjugation with an appropriate
ligand. Fig. 9 shows C-2 and C-6 modifications in purines.
The C-8 position is the only site available, which is not
involved in base pairing. The most common method for ac-
tivaiion of this position involves the generation of an elec-
trophilic centre by reaction with N-bromosuccinimide. In
the subsequent reaction, mercapto or amino group contain-
ing alkyl linkers!80:181 easily replaces 8-bromo group. In
an attempt to attach a label at C-8 position of deoxy-
adenosine, investigators '8? have introduced an aminoethy!
linker by treatment of 8-bromodeoxyadenosine with pro-
tected aminoethylmercaptide. Finally, biotin is attached to
the amino linker. Fig. 10 shows some of'the labels that have
been introduced at C-8 position in purines.

Internucleotide backbone modifications
Modified internucleotide phosphate residue :

Phosphodiester backbone modifications have shown
enhanced stability, affinity and cellular permeation of oli-
gonucleotides. For these reasons, phosphate backbone modi-
fications seem to be the most logical choice for the modifi-
cation of oligonucleotides. Additionally, several chemical
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strategies have been employed to replace the extra phos-
phodiester backbone with different ionic and non-ionic link-
ages. Most of them have been utilized in the production of
dimers rather than fully substituted oligonucleotides. In this
manner, they can be introduced during automated DNA syn-
thesis creating an oligonucleotide with alternating
phosphodiester and novel linkages. Tremendous advance-
ments in the chemistry have made it possible to produce
smaller oligonucleotides fully substituted with novel link-
ages for various applications. This class ofanalogs has been
most extensively studied. In all, fifteen classes of different
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Fig. 10. Modification at C-8 position in purines.
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compounds can be synthesized by substituting each of the
four groups attached to phosphorus in the internucleotide
bond by O, CH;, NH and S in various combinations (Fig.
11). Furthermore, the use of this approach permits the in-
troduction of reactive sites, suitable for the attachment of
different types of ligands, e.g. intercalators, chain cleavers,
fluorescent markers, without resort to any extra step in the
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Fig. 11. Modification at internucleotide linkage.

synthesis cycle. Since most phosphate backbone modifica-
tions have been brought about through P-N and P-S link-
ages, these linkages are discussed further.

Phosphorothioates : Phosphorothioate-oligonucleo-
tides?3 221 have been attractive due to their availability
through automated DNA synthesis (Fig. 12). These consist
of a sulfur substituted for oxygen at phosphorus, thus re-
tains a formal negative charge, however, less as compared
to the phosphodiester homolog which accounts for their
somewhat low solubility in water. Phosphorothioate-oligo-
nucleotides are stable to degradation by nucleases but in
general hybridize to target sequences with somewhat less
affinity as compared to phosphodiester-oligonucleotides at
most of the ionic strengths. Besides, the main advantage
offered by this linkage is that a suitable label can be at-
tached at pre-selected positions using thiol group specific
reagents such as haloacetamides, aziridinylsulfonamide and

JICS-2

Fig. 12. Synthesis of oligonucleotide-phospharothioates.

other fluorescent compounds. The hybridization instability
has been ascribed to the fact that, since the linkage is chiral,
these modified oligonucleotides exist as a mixture of 2"
diastereoisomers (where » is the number of linkages), which
has been shown that all R, oligonucleotides hybridize with
their targets more strongly (i.e. high 7)) whereas all SP oli-
gonucleotides hybridize very poorly. The second reason of
this instability is their reduced solubility in water.

The chemisty of phosphorothioate-oligonucleotides has
been developed and extensively used for various studies.
Phosphorothioate-oligonucleotides can essentially be pre-
pared chemically in a manner very similar to the synthesis
of unmodified oligonuleotides via phosphotriester,
phosphoramidite and H-phosphonate methods. Elemental
sulfur in triethvlamine/pyridine or carbondisulfide/
triethylamine is used in the stepwise oxidation of phosphite
triesters in place of aqueous iodine or in a single step at the
end of synthesis in H-phosphonate approach. The salient
feature of the method of preparation is its adaptability to
the normal synthesis cycle, which also allows that
phosphorothioate bridges can be incorporated at the.desig-
nated sites in the oligonucleotides. Some new sulfurization
reagents2!0222.223 that are soluble in acetonitrile, the most
commonly employed solvent in automated DNA synthesi-
zers, have been developed. Rao ef al.2** have recommended
the use of'the easily accessible, fast and eflicient sul fur trans-
fer reagent, dibenzoyl tetrasulfide, from phosphoramidite
building blocks. The introduction of these reagents not only
dispenses the use of toxic and noxious carbon disulphide
but also alleviates the line chocking problem in DNA syn-
thesizers, a common phenomenon associated with the use
of colloidal sulfur.

Recently, two groups®' %222 have reported simultaneous

introduction of two types of modifications in a single oligo-
nucleotide chain. Oligonucleotide synthesis commenced with
the incorparation of a nucleoside-H-phosphonate at 3"-end
followed by oxidation with protected hexanediamine in car-
bon tetrachloride to generate a phosphoramidate linkage.
Synthesis was completed using normal nucleoside
phosphoramidites approach. The last oxidation step was
accomplished with a sulfurization reagent, 3 H-1,2-benzo-
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dithiol-3-one-1,1-dioxide, to generate a phosphorothioate
linkage which, after final deprotection, was reacted with
monobromobimane and the aminoalkyl function was reacted
with fluorescein isothiocyanate to vield bifunctionalized oli-
gonucleotide chain that may be used for various applica-
tions. Fig. 13 shows some of the ligands that have been
introduced through phosphorothioate backbone modifica-
tions.

Phosphorodithioates : Unlike other phosphate backbone
modified oligonucleotides, the chirality problems in
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Fig. 13. Atachment of ligands at phosphorothioate linkage.

HO

phosphorodithioate-oligonucleotides?>> 237 can be over-
come by replacement of both the non-bridged oxygens by
sulfur atoms (Fig. 14). The first attempt to synthesize these
analogs was based on the condensation of phospho-
rothioamidite with another nucleoside followed by oxida-
tion of'the intermediate triester with sulfur in pyridine. Sev-
eral alternative approaches have also been used for this pur-
pose. Recently, these methods have been summarized by
Marshall and Caruthers?3? and also their potential uses dis-
cussed. The phosphorodithioate linkage has found several
biochemical properties similar to the unmodified phospho-
diester linkage. The linkage is highly stable towards nu-
cleases, achiral and oligonucleotides bind with slightly less
affinity than phosphorothioate-oligonucleotides with their
targets. The linkage can be used for incorporation of re-
porter groups useful for making non-radiolabelled probes
for a variety of biological applications. Phosphorodithioates
can be labeled with higher efficiency and at a much faster
rates in comparison to their phosphorothioate analogs. Be-
cause of high selectivity and specificity of sulfhydryl group,
a variety of thiol specific reporter groups have been conju-
gated under very mild conditions even at physiological con-
ditions. However, due to poor efficiency of the sulphurization
step, the phophorodithioates are usually contaminated with
about 10% ofthe monothiolated analogs. Some ofthe ligands
used for conjugation have been shown in Fig. 15.

Phosphoramidates : The phosphoramidate-oligonucleo-
tides?35247 are conveniently prepared from both tri- and
pentavalent phosphorus compounds (Fig. 16). Mixtures of
diastereomers are normally obtained in both of these cases.
The most suitable method for obtaining dinucleoside
phosphoramidates involves the oxidation of dinucleoside-
H-phosphonate in the presence of amines in carbon tetra-
chloride or iodine as oxidatants. The reaction can easily be
extended to polymer support bound di- and oligonucleotide
H-phosphonates. The diastereomeric phosphoramidate-oli-
gonucleotides are inert towards nuclease P1 or snake venom
phosphodiesterase. The use of the changed oxidation con-
ditions permits the introduction of labels/haptens directly
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Fig. 14. Synthesis of oligonucleotide-phosphorodithioates.
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at designated sites which allow in making oligonucleotide

conjugates with intercalating agents. Moreover, a combina-

tion of phosphoramidite and H-phosphonate chemistries can

also be used to introduce reporter or functional groups at
the desired positions in oligonucleotides.

The synthesis of an oligonucleotide incorporating a

phenanthredinium derivative at P-N linkage has been re-
8
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Fig. 16. Synthesis of oligonucleotide-phosphoramidates.

ported®**. In an analogous approach, aminoalkylated
phosphoramidate®*! was obtained after performing the oxi-
dation of dinucleoside phosphite triester with 1,5-diamino-
pentane in presence of iodine, which was further used in
conjugation reaction with acridine derivative. The method
has been found to be very useful for incorporation of mul-
tiple reporter groups without affecting duplex stability. Ina
similar manner, other investigators2*”-24Y reported the in-
troduction of either (N-trifluoroacetyl)hexanediamine link-
ers at specific sites along the oligonucleotide chains or
ethylenediamine or hexamethylendiamine tethers at the 5'-
end of oligonucleotides. After final deblocking, these
aminoalkylated oligonucleotides were used to couple ligands
such as fluorescein isothiocyanate, rhodamine isothiocyanate
or activated esters of biotin. The methodology provides
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Fig. 17. Atachment of ligands at amidate linkage.
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multiple labeling capabilities and thereby increased sensi-
tivity for diagnostic purposes.

Some of the strategies used for the introduction of vari-
ous ligands through amino tethers using phosphoramidate
linkage are shown in Fig. 17.

Methylphosphonates : Like phosphorothioates, the
me:h_vlplmsphonate-oligonuclcolidesm"zﬁ' are obtained in
diastereomers. Being uncharged, oligonucleotides are less
water-soluble than their charged counterparts. It has been
shown that the linkage is very stable with respect to cellular
nucleases and can enter cells by passive diffusion mecha-
nism. The charged non-bridging oxygens are replaced by
neutral methyd groups to obtain methylphosphonate-oligo-
nucleotides by which the cell uptake as well as improved
half-life is achieved. Like thioates, methylphosphonate-oli-
gonucleotides can form stable duplexes at physiological ionic
strength orabove but with slightly less affinity as compared
to unmodified oligonucleotides. These moditied analogs can
be obtained from both phosphotriester and phosphoramidite
methods. However, the method of choice utilizes methyl-
phosphonoamidites on solid supports (Fig. 18). The main
advantage of the method is its adaptability to the conven-
tional synthesis cycle and its ability to introduce one or mul-
tiple linkages at any preselected position. Recently, several
attempts have been made for stereoselective synthesis of
methylphosphonate-oligonucleotides. Becuase of their la-
bility under basic medium required for removal of pro-
tecting groups from nucleic bases and cleavage of oligo-
nucleotides from the polymer support, several alternative
deprotection conditions have been established.

8
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Fig. 18. Synthesis of oligonucleotide-methylphosphonates.

Alkyl phosphotriesters : Oligonucleotide-phospho-
triesters, like methylphosphonates, lack the usual negative
charge on the oxygen and pose chirality probem. However,
these29272%7 can be obtained via several routes currently be-
ing used for synthesis of oligonucleotides, viz. phospho-
triester, phophoramidite and H-phosphonate approaches
(Fig. 19). Because of the instability of these analogs under
basic conditions, not much work has been done to produce
them stereoselectively.

Replacement of phosphate oxygens involved in the
bridge : To circumvent the chirality problems associated
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with methylphosphonates, phosphorothioates, amidates and
triesters, new achiral linkages have been introduced, viz.
3’-NH,-5"-O-phosphoramidate?%8-270_ 3’.()-5"-8-phospho-
rothioate?’! | 3'-8-5"-O-phosphorothioate?”* and 3°-CH,-5"
O-phosphonate?” etc. Several routes have been developed
to obtain the desired modification. The analogs so obtained
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‘O + i1 Tetrozoie 3 -Q
? O ® Wil Oxidation
-
ya
/ \N

RO o B
, L&

Fig. 19. Synthesis of eligonucieotide-phosphotriesters

have been shown to possess variable resistance against nu-
cleases but little is known of their hybridization propertics.

Dephospho internucleotide analogs -

An ideal way to obtain non-ionic oligonucleotides is to
replace ionic phosphodiester linkages by some other diffe-
rent group. Recently. this area has picked up momentum to
develop oligonucleotide analogs devoid of phosphodiester
or related linkages. They have been developed in order 10
possess the following advantages of (a) being stable against
nucleases, (b) showing enhanced cell-uptake, and (¢) hav-
ing enhanced binding aftinity (hybridization) with comple-
mentary sequences due to reduced charge repulsion. Most
of them have been developed without affecting the natural
3’-5" distance as well as orientation of bases for effective
hybridization. Another advantage of dephospho-linkages is
that the internucleoside bridges are electroneutral and they
do not pose chirality problem.

Siloxane bridges : The internucleoside linkage in silyl-
oligomers quite closely resembles the phosphate bridges in
the sense that in both the cases, the central atoms have tet-
rahedral symmetry. Initially, the synthesis was confined to
dimers in solution which involved the reaction of a 5'-pro-
tected nucleoside with dichlorodiphenyl- or dichloro-
dicyclohexylsilane followed by reaction with 3’-protected
nucleoside to obtain 3'-5'-dimer in 50% yield®”*270 (Fig,
20). In order to improve the yields of the dimers and exten-
sion of chains upto hexamers, various modifications in the
protocol were suggested. However, low water solubility and
instability under acidic conditions have restricted their ef-
fective use for biological applications. Because of this low
solubility. efforts to detect hybridization properties were
unsuccessful.

Carbonate bridges . The first dinucleotide with a car-
bonate linkage was reported almost 29 years ago by Mertes
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Fig. 20. Preparation of siloxane-bridged dimer.

and Coates?”” and Tittensor’®27? using phosgene for mak-
ing this linkage. Oligonucleotides with carbonate linkages
have been described upto trimers using (trichloro-
ethoxy)carbonyl chloride as an improved condensing reagent
(Fig. 21). However, these were obtained in only 50% yields
because inadequately protected nucleosides were employed
as this linkage was found to be labile in basic conditions.
Hence, special conditions are required for the removal of
protecting groups at the end of the synthesis. Such base la-
bility limits the utility of these analogs in a physiclogical
context. Since, upto trimers have been constructed, no hy-

bridization studies have been reported.
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Fig. 21. Preparation of carbonate-bridged dimer.

Carboxymethylester bridges : The utility of this link-
age 80285 was first demonstrated by Halford and Jones by
synthesizing several polynucleotides (poly T and poly U)
by polymerization reaction. Subsequently. improvements
were made in the protocol and synthesis of oligonucleotides
was carried out by stepwise coupling reactions using suit-
able protecting groups (Fig. 22). The oligonucleotides with
carboxymethylester linkages were found to hybridize with
their complementary sequences as well as with natural oli-
gonucleotides with low affinity. In spite of these properties,
they were not found suitable for biological applications be-
cause of their poor solubility in water and ready hydrolysis
even under mild conditions (half-life at pH 7.5 is 7 h).
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vig. 22. Preparation of carboxymethylester-bridged oligomer.
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Acetamidate bridges : In order to overcome the stabi-
lity problem of carboxymethylester linked oligonucleo-
tides?86287 the 5'-ester oxygen was replaced by an amino
group and so the acetamidate linkage was obtained (Fig.
23). Polycondensation was achieved using triphenylphos-
phine and 2.2"-dipyridyl disulfide employing dimer with
acetamidate linkage. Condensation with monomer was not
successful due to intramolecular reaction, which yielded
3’.5"-bridged lactam molecule. Although the stability was
achieved over a wide range of pH, the solubility in water
and strong affinity (hybridization) could not be obtained.
Moreover, another limitation was encountered, that the said
oligomers were able to get adsorbed strongly on to glass

and plastic surfaces.
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Fig. 23. Preparaton of acetamidate-linked oligomer.

Carbamate bridges : In order to improve the properties
of acetamidate linked oligonucleotides, carbamate link-
age?$8-293 was introduced which proved somewhat supe-
rior in stability over a greater pH range, resistance against
nucleases but found to have low solubility in water. A num-
ber of protocols have been established to obtain carbamate
linked dimers, trimers and hexamers in higher yields using
a variety of condensing reagents to couple 5'-amino-5'-
deoxynucleoside with 5’-O-protected nucleoside (Fig. 24).
Carbamate-linked oligonucleotides, in some cases, have
shown greater affinity towards their complementary se-
quences as compared to natural oligomers, while in some,
they have not entered into base pairing at all. In order to
improve the solubility in water, one group has reported the
attachment of polyethyleneglycol (PEG) which enhances the
solubility of the conjugate upto 50 uM at pH 7.5.
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Fig. 24, Preparation of carbamate-linked dimer.

In another variation of carbamate linkage, ribonucleotide-
derived morpholino-type oligonucleotides have been syn-
d293.294 in which both phosphodiester linkage as well
as sugar moieties are modified. These analogs have shown
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interesting binding properties. They bind to DNA much
stronger than their unmodified molecules but show no af-
finity towards RNA.

. -
296 \were the first to

Thicether bridges : Kawai and Just
report the synthesis of thioether-bridged oligodeoxynucleo-
tides226302 (Fig, 25). Subsequently, Schneider and
Benner?7 and Cao and Matteucci®”! reported the synthesis
of different sulfide-linked dinucleotides. The linkage was
differed only in the position of the sulfur atom within two
nucleosides. The linkage was found to be neutral, nuclease
resistance but the duplexes lacked in thermal stability. There-
fore, not much work has been carried out using this linkage.

— % HO
—_—
SH _ SCHchz‘O
0.8
SCHyCHp
S CHpCHa

Fig. 25. Preparation of thioether-bridged oligomer.

Sulfone, sulfonate, sulfonamide, sulfate, sulfite and
sulfamate bridges : Sulfur, at the central position of the
backnone in place of phosphorus, is an isosteric replace-
ment, which offers a variety of options for modified isosteric
linkages*?3312 (Fig. 26). Sulfate and sulfite linkages, be-
ing labile to nucleophiles, have not found useful in making
modified oligonucleotides. Other modifications that include
sulfone, sulfonate ester, sulfonamide and sulfamate bridges
are usually stable to nucleases but their aflinity towards base
pairing has not yet been reported in detail, however, these
linkages are achiral, polar and neutral at physiological pH.
The synthesis was not compatible to the solid phase metho-
dology. The solution phase synthesis of dinucleosides con-
taining these linkages is described using either Michaelis-
Arbusov reaction or phosphotriester approach?!!. Widlanski
et al 33739 and Reynolds et al 39739 described the syn-
thesis of both sulfonate and sulfonamide linked nucleosides.
Because of the low affinity, 7, value decreases by 1-3° per
modification.
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Iig. 26, Preparation of sulfone-, sulfonate-, sulfonamide- and

aillamate-bridged dimers.
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The other achiral linkage, sulfamate-linkage, has been
described by Huie er al.319. They have successfully synthe-
sized a guanosine-adenosine dimer connected by a sulfamate-
linkage. The incorporation of this dimer slightly decreased
the stability of the duplex. Enzymatic resistance was, how-
ever, achieved by incorporating the sulfamate-linkage.

Acetal bridges : The synthesis and hybridization
properties of oligonucleotides containing formacetal-
linked nucleosides have been reported by both Matteucci
et al. >33 and Veeneman er al. >'831% (Fig. 27). The syn-
thesis of dimers was achieved by alkylation of 3’-hyvdroxyl
of'a 5’-protected nucleoside with chlorodimethylsulfide. The
resulting 3"-methylthioacetal derivative is then coupled with
a 3'-protected nucleoside to give the dimer. the use of 5
deoxy-5"-thionucleoside instead of 3’-protected nucleoside
in the coupling reaction yields 5-thioformacetal-linked
dimers. Similarly, 3-thioformacetal-linked dimers can be
prepared by coupling 5'-O-chloromethylnucleosides with
protected 3’-thionucleosides. It has been demonstrated that
oligonucleotides containing formacetal-linked dimers hybri-
dize with somewhat lower affinity as compared to thiofor-
macetal-linked dimers containing oligonucleotides with
complementary natural RNA and DNA320-322,

In an alternative approach, Jones et al.?'®317 reported

the synthesis of riboacetal-linked dimer, in which aldehyde
group introduced at 5'-position was coupled, under acid
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Fig, 27. Preparation of (a) formacetal-, thioformacetal- and riboacetal-

bridged dimers, (b) methylhydroxylamine-bridged dimer, (c)
N-cyanoguanidine-linked dimer, (d) urca-linked dimer. (¢) al-
kane-linked dimer, and (1) amine-bridged dimer.
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catalysis, to 2',3"-hydroxyl groups of the 5'-protected ribo-
nucleoside. The synthesized dimer was then incorporated
into oligonucleotides. but showed some decrease in thermal
stability against single stranded RNA, However, a 15-mer
sequence showed 100-fold increase in affinity for a double
stranded DNA target.

Methylhydroxylamine bridges : The first report citing
the synthesis of oligonucleotides with methylhydroxylamine-
linked thymidine dimers was published by Vasseur et
al 323325 (Fig. 27). The linkage was neutral polar and re-
sistant against nucleases but showed no or little effect in the
hybridization studies.

N-Cvanoguanidine bridges : N-Cyanoguanidine-linked
oligonucleotides (Fig. 27) were proposed by Pannecouque
et al 326331 These analogs have shown improved nuclease
stability but paired less strongly than their unmodified
complementary DNA and RNA. However, these analogs
have strong aflinity towards their modified complementary
DNA and lower towards RNA.

Urea bridges : Like carbamate-linked oligonucleotides,
urea-linked thymidine dimers, introduced by Waldner ef
al 332, imparted similar type of properties to the oligonucleo-
tides (Fig. 27). The said modification332333 imparted less
destabilizing effect in DNA/DNA than in DNA/RNA du-
plexes. Dimers were prepared by condensing 3”-carbamato-
3’'-deoxythymidine to 5"-amino-5’-deoxythymidine followed
by conversion into phosphoramidite.

Alkane bridges : Alkane-linked dimers were reported
by Lee and Weimer®** based on Wittig type of reaction (Fig.
27). Only thymidine dimers were incorporated into oligo-
nucleotides, which led to the severe reduction in the affinity,
i.e. thermal stability of DNA/DNA and DNA/RNA du-
plexes334-336,

Amine bridges : Introduced by Saha et al. 37338 the
dimers with amine-linkage were prepared by couplinga 3’-
amino-3'-deoxy- or 5’-amino-5'-deoxynucleoside with the

corresponding alkyl extended aldehydes and reduction of

the intermediate imines (Fig. 27). The incorporation led to
the significant reduction in the duplex stability whereas nu-
clease resistance was increased.

Miscelleneous modifications

The use of carboeyclic nucleoside analogs was first re-
ported by Perbost et al.33? and Szemzo et al 34034} The
oligomers containing these carbocyclic nucleosides
(thymidylates) are fairly stable against nuclease degrada-
tion. They can even form stable duplexes or triplexes de-
pending upon the ratio of the two individual components.
The duplexes have more stability than their unmodified coun-

terparts. In the last few vears, a number of reports on their
syntheses and incorporation into synthetic oligonucleotides
have been published. The routes to prepare these mono-
meric units are very time-consuming and laborious with very
low overall yields339-343,

In another approach, Bellone er al 40347 have described
the introduction of 4’-thiothymidine into thymidine
oligomers by substituting the 4’-oxygen in an attempt to
restore hybridization properties and to enhance the nuclease
resistance (Fig. 28). However, there is a decrease (3-5%) in

the thermal stability as compared to normal oligonucleo-
tideg3406-333

Fig. 28. Preparation of 4"-thiothymidine oligomer.

On the parallel lines, Altmann et al3** and Hung er
al.33% have described the synthesis of N-acetyl-4'-
azathymidine (4-hydroxyproline derivative) (Fig. 29). The
incorporation into oligoribonucleotides®3%3%7 has shown
increased resistance against nucleases, however, their ther-
mal stability decreased by 0.5-1.5° per modification depend-
ing upon the site of incorporation.
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Fig. 29. Preparation of 4’-azathymidine oligomer.

Similarly, in search for some suitable antisense molecules
that could obviate the disadvantages of the unmodified oli-
gonucleotides, several groups?*3-363 have proposed the syn-
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thesis of acyclic nucleoside derivatives, which can be used
for oligomer synthesis or incorporation into unmodified oli-
gomers. The first report using glycerol moiety was discussed
by Usman et al.3%%. The proposed modification dramati-
cally decreases the affinity towards complementary target.
However, the oligomers synthesized using modified build-
ing blocks were found 500-times more stable against snake
venom phosphodiesterase than the normal oligonucleotides.
Other investigators have also reported various types of acy-
clic analogs but such products were found to have less af-
finity towards duplex formation, which has made their use
as antisense constructs limited. In the same way, various
groups3%9-38 have also reported the use of serine and
phenylserine type of acyclic moieties for the attachment of
nucleobases (Fig. 30). After preparation of phospho-
ramidites, synthesis was performed in an analogous manner
as the normal synthesis.
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Fig. 30. Sernne and phenylserine-linked thymine monomers for oligo-
merization,
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In another elegant approach ring-enlarged hexopyranose
nucleosides?*®37! and their oligomers have been proposed
by Eschenmoser and Dobler?3, In this series, the 4’-6-link-
age (homo-DNA) has been the most intensely studied one.
The proposed modification enhances the stability of oligo-
mers against nucleases, however, the oligomers form du-
plexes with less thermal stability.

Very recently, Barawkar and Bruice®72 have reported the
incorporation of guanidinium linked dimers (cationic
internucleosidic linkage) into oligonucleotides (Fig, 31).
With two positive charges at the terminal, oligomers show
enhanced binding with complementary DNA and RNA in
the absence of salt. In 10 mM sodium chloride, binding is
similar to normal DNA : DNA. The 5’- and 3’-capping with
this type of linkage provides better protection to hydrolysis
by exonuclease S1. Moreover, due to lower net charge on
the oligomer chains, the cellular uptake increases.

Peptide nucleic acids (PNA)

Recently, a new class of analogs of oligonucleotides has
been reported by replacing the sugar phosphate backbone
in DNA by an amide backbone?733%% (based on amino ac-
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Fig. 31. Monomeric unit for the incorporation of cationic internucleo-
sidic linkage.
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ids) without compromising the base-pairing efficiency and
selectivity (Fig. 32). The most remarkable feature of PNA
is the simplicity of its repeat unit, i.e. nucleobase contain-
ing unit, which is based on 2-aminoethylglycine. It consists
ofanachiral, acyclic non-ionic, dipeptide-like unit prepared
from 1,2-diaminoethane and glycine. The nucleobases are
attached to the central nitrogen by an amide bond. The syn-
thesis of PNA is based on the method of peptide synthesis
via Merrifield method. The monomeric units can be poly-
merized easily using coupling reagents commonly employed
in peptide synthesis. Several reports have described the oli-
gomerization of these molecules?83-3%9,
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Fig. 32. Structure of DNA and PNA

Unlike oligonucleotides, PNA oligomers are quite stable
under strong acidic conditions (e.g. HF). In addition to their
resistance against nucleases and a number of proteases and
peptidases®*” in cellular and serum extracts, they have shown
much higher affinity as compared to any other analogs and
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unmodified oligonucleotides. They bind to DNA by strand
displacement mechanism??'3%3, The properties of these
molecules have made them ideal for antisense and antigene
research as inhibitors of gene expression. Other applica-
tions where these molecules look promising are their use as
diagnostic and biomolecular probes. PNAs have been found
to form very stable Watson-Crick duplexes with DNA and
RNA. This affinity is much higher as compared to DNA for
DNA or RNA. This enhanced affinity could be due to the
absence of repulsion between charged backbones in DNA.
The structure of PNA is so flexible that it can form du-
plexes in parallel or antiparallel direction. Despite all these
advantages, the major problem encountered in handling these
molecules is their solubility in aqueous medium. To over-
come this hurdle, several modifications”* %3 have been
tried. These include incorporation of side-chain (basic or
acidic) containing amino acids and charged groups (sulfate,
phosphate, carboxylate, porphyrin (404) ete.). The most re-
cent trend in this direction is to make PNA-DNA hybrid
chains®” where solubility problem can be taken care of by
the charged DNA chain, and lipophilicity to cross cell mem-
brane (for antisense applications) can be taken care of by
polyamide PNA chain. Several reports have appeared with
different modifications in PNA-DNA structure.

Concluding remarks

Research on modified oligonucleotides is exponentially
increasing with ever increasing speed with a view to find
newer molecules for understanding, unveiling and utilizing
the intricate methods of cell functioning at molecular level.
The speed of synthesis has been greatly increased by de-
signing various support system*2. The investigations en-
compassing end modifications, introduction of new
functionalization at certain sites of the sugar, base modifi-
cations or introduction of modified internucleotide residues
of phosphorus as well as other novel modifications as de-
scribed in the text have resulted in enriching the chemistry
of handling complex molecules in a wide range of condi-
tions. The new class of peptide nucleic acid analogs replac-
ing sugar phosphate backbone with aminoethylglycine have
promises of more effective utilization as inhibitors of gene
experession. Such knowledge and developments would fa-
cilitate and broaden our abilities to applications in genetic
engineering, gene therapy and cellular regulation in an ar-
ray of conditions, many of which are yet not well under-
stood and would be unveiled in future.
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