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Abstract. Significant interest in synthetic DNA and
RNA oligonucleotides and their analogues has marked
the past two decades of research in chemistry and
biochemistry. This attention was largely determined by
the great potential of these compounds for various
therapeutic applications such as antisense, antigene and
ribozyme-based agents. Modified oligonucleotides have
also become powerful molecular biological and bio-
chemical research tools that allow fast and efficient
regulation of gene expression and gene functions in
vitro and in vivo. These applications in turn are based
on the ability of the oligonucleotides to form highly
sequence-specific complexes with nucleic acid targets of

interest. This review summarizes recent advances in the
design, synthesis, biochemical and structural properties
of various RNA analogues. These comprise 3'-modified
oligonucleotide N3' — P5’ phosphoramidates, analogues
with modifications at the 2’-position of nucleoside sugar
rings, or combinations of the two. Among the proper-
ties of the RNA minetics reviewed here are the thermal
stability of their duplexes and triplexes, hydrolytic resis-
tance to cellular nucleases and biological activity in in
vitro and in vivo systems. In addition, key structural
aspects of the complexes formed by the RNA ana-
logues, including interaction with water molecules and
ions, are analyzed and presented.
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Introduction

The versatility and biological importance of RNA
molecules have recently transformed these compounds
into an important subject of numerous research endeav-
ors. The ability of RNA molecules to fold into well-
defined secondary structures imparts to some RNA
compounds enzyme-like qualities, including natural
phosphodiester backbone cleavage and ligation capabil-
ities [1-4]. The RNA-cleaving properties of exogenous
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and hydrolytically stable synthetic or endogenously ex-
pressed RNA ribozymes have presented a great oppor-
tunity for the development of potentially widely
applicable RNA-based therapeutic agents. Several clini-
cal trials with ribozyme-based therapeutic agents have
been recently initiated. Moreover, RNA molecules have
been demonstrated to be capable of performing addi-
tional catalytic functions, such as peptide bond forma-
tion and DNA cleavage [5-7]. Natural RNA oligomers
can also be selected based on their folding into spatially
diverse structures which specifically and efficiently rec-
ognize various proteins or nucleotide derivatives [8—10].
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A significant amount of work has been directed at
preparing a multitude of hydrolytically stable RNA
analogues for a variety of purposes, ranging from bio-
logical probes to potential therapeutic antisense agents
and multiple diagnostic applications. Many phosphodi-
ester and phosphorothioate RNA derivatives with a
host of 2'-modifications have been synthesized with the
goal of increasing the hydrolytic stability and hybridiza-
tion properties of the RNAs [11, 12]. Additionally,
several pyranosyl-RNA analogues have been success-
fully prepared by Eschenmoser’s group [13, 14] to inves-
tigate the ‘chemical etiology’ of nucleic acid structures.
Recently, very interesting RNA analogues with confor-
mationally locked sugar rings (LNASs) were described.
These compounds form exceptionally stable complexes
with RNA complements and are resistant to nucleases
[15, 16].

In addition to the above 2’-modifications, an alternative
strategy for generating RNA mimetics has been em-
ployed. In this approach, conversion of 2’-deoxynu-
cleoside-containing oligonucleotides into structural and
functional analogues of natural RNA molecules is
achieved via substitution of bridging 3'-oxygen atoms
by 3-amino groups. The properties of the resulting
oligodeoxyribonucleotides with internucleoside N3’ —
P5" phosphoramidate linkages were recently described
[17]. These biopolymers adopt RNA-like C3-endo or
N-type nucleoside sugar puckering, and in general are
structurally and functionally similar to the natural
RNA molecules.

In this review we will focus on the main physical-chem-
ical, structural, and some biological properties of these
RNA analogues and their potential applications.

2’-Modified RNA analogues

An increasing interest in synthetic oligonucleotides and
their analogues has marked the past two decades. This
attention was largely determined by the potential thera-
peutic applications of these compounds based on their
ability to form specific complexes—primarily duplexes
and triplexes—with nucleic acid targets of interest. The
high specificity and selectivity of these interactions are
governed mainly by the formation of proper and well-
defined Watson-Crick and Hoogsteen hydrogen bonds
between the heterocyclic bases of targeted nucleic acids
and the oligonucleotide ligands [18]. These types of
selective recognition and the resultant functional inhibi-
tion of the genetic information carriers can potentially
open promising new opportunities in nucleotide se-
guence-based rational drug design and drug discovery.
Modified oligonucleotides may also become powerful
molecular biological and biochemical research tools
which can allow fast and efficient regulation of gene
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expression and study of gene functions in vitro and in
vivo.

However, several important issues remain to be resolved
before oligonucleotides may become widely used unique
and specific pharmaceutical agents. Among these are:
increased thermodynamic stability of the complexes
formed by the oligomers with their nucleic acid targets,
specificity of the interactions, enhancement of oligonu-
cleotide resistance to enzymatic degradation and hy-
drolytic stability and bioavailability in cells and in
animal model systems and, importantly, favorable phar-
macokinetics and biodistribution in human tissues and
organs. Additionally, chemical structures of the thera-
peutic oligonucleotides and the proper choice of suit-
able and biologically important molecular targets, as
well as delivery methods for administration of the com-
pounds, may play a crucial role in ensuring the success
of oligonucleotide-based therapeutic approaches.

For quite some time natural RNA oligonucleotides, in
general, were known to form more stable complexes
with complementary RNA strands than do isosequen-
tial DNA molecules [ref. 19 and references therein]. The
higher thermal stability of the complexes was attributed
to the N-type sugar conformations of both strands, as
well as to favorable hydration patterns of RNA du-
plexes [20, 21]. Consequently, RNA-derived oligonucle-
otides may be preferable for hybridization-based
applications. However, the hydrolytic instability of
RNA prompted chemists to search for more resistant
RNA analogues potentially suitable for therapeutic ap-
plications. To achieve higher stability against nuclease
degradation, numerous 2’-modified RNA oligonucle-
otides, containing a variety of 2-O-alkyl substituents
have been designed, prepared, and evaluated (fig. 1).
Physical-chemical and biological properties of these
compounds have been thoroughly reviewed in the litera-
ture, notably in a recent comprehensive article [22]. In
summary, the thermal stabilities of DNA/RNA as well
as RNA/RNA complexes formed by the RNA ana-
logues with 2’-O-alkyl groups are usually higher or
comparable to those of the natural RNA or DNA
compounds. Among the simple 2'-O-alkyl substituted
oligomers, 2’-O-methyl compounds form the most ther-
modynamically stable complexes with RNA, with val-
ues for AT,, of approximately 1.5 °C and 0.5 °C per
modification relative to isosequential natural DNA and
RNA strands, respectively [23]. The thermal stability of
the complexes is reduced as the length of the 2’-O-alkyl
chain increases, and 2'-O-pentyl derivatives are as stable
as their 2’-deoxy counterparts. Among the 2’-O-alkyl
derivatives, some of the most stable complexes are
formed by 2'-O-(2-methoxyethyl) (2'-O-MOE)-contain-
ing RNA analogues, with values for AT, of ~1.6 °C
per modified nucleotide. Resistance to enzymatic hy-
drolysis for 2’-O-alkyl RNA derivatives is concomi-
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tantly increased with the length of the 2’-O-substituents.
Thus, 2-O-MOE-modified oligonucleotides and, in par-
ticular, zwitterionic (at physiological pH) oligonucle-
otides with 2'-O-(3-aminopropyl) (2'-O-AP) modifica-
tions are practically completely resistant to cellular nu-
clease digestion [24—-26]. 2’-O-alkyl-modified oligonucle-
otides retain native RNA-like C3'-endo or N-type sugar
puckering, and form A-type double helixes with com-
plementary RNA strands. Structural aspects of these
molecules and their complexes will be discussed later in
the review.

Hybrid duplexes between RNA and 2'-O-alkyl RNA
compounds, the latter containing either natural phos-
phodiester or modified phosphorothioate backbones,
are not substrates for RNase H. The generally lower
biological activity of 2’-O-alkyl RNAs relative to their
DNA phosphorothioate counterparts in antisense appli-
cations has in part been attributed to this shortcoming
[27]. However, chimeric molecules, or so-called ‘gap-
mers,” containing five or more 2’-deoxy phosphodiester
or phosphorothioate nucleotides in a central region
flanked by 2’-O-alkyl derivatives, have demonstrated
high sequence-specific antisense activity in various in
vitro and in vivo model systems [28, 29]. These oligonu-
cleotides, unlike the uniformly 2’-O-modified com-
pounds, form complexes that are substrates for RNase
H-mediated RNA hydrolysis. In addition, several hy-
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Figure 1. Structures of selected 2'-O-modified RNAs (Pr-NH,,
3-aminopropyl; Et-Ome, 2-methoxyethyl).
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Figure 2. Structures of 2’-deoxy-2'-fluororibonucleic acid (R =F)
and 2'-deoxy-2'-aminoribonucleic acid (R = NH,).

drolytically active ribozyme-like molecules have been
prepared which feature a natural phosphodiester RNA
catalytic core and RNA recognition elements with 2’-O-
alkyl- or 2'-O-allyl-protected nucleosides [30, 31]. These
compounds demonstrated high RNA-cleaving catalytic
activity, while being resistant to digestion by cellular
nucleases, and are currently under evaluation in numer-
ous clinical trials [32]. Moreover, uniformly modified
2’-O-methyl RNA oligomers demonstrated utility for
applications that do not require cleavage of the RNA
targets, such as steric blocking of undesirable RNA
splice sites [33], or for construction of dumbbell-like
DNA/RNA chimeric duplexes which are being used
successfully in promising DNA-editing experiments [34,
35].

Several other interesting classes of RNA mimetics that
contain 2'-substituents other than 2’-O-alkyl or 2'-O-
alkoxyalkyl groups have been prepared and studied (fig.
2). Among these analogues, 2'-fluoro-substituted RNA
probably constitutes one of the most intriguing classes
of compounds. These oligonucleotides can also be con-
sidered as DNA analogues, whereby the 2’-hydrogen is
replaced by a fluorine atom. The 2'-fluoro-substituted
compounds are among the most thermodynamically
stable complexes with complementary nucleic acids
among all 2-modified RNAs. The increase in the melt-
ing temperature of duplexes reaches up to 2 °C or
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2.3 °C per substitution for phosphodiester or phospho-
rothioate oligonucleotides, respectively [36]. At the
same time, these oligonucleotides do not resist enzy-
matic degradation by cellular nucleases, and their sta-
bility is similar to that of native DNA [36, 37]. The
sugar pucker of the 2’-fluoro nucleosides is of the C3'-
endo type. Uniformly modified oligonucleotides con-
taining 2’-fluoro nucleosides form A-type duplexes with
their RNA complements that are structurally very simi-
lar to the parent RNA/RNA complexes [36]. Interest-
ingly, 2’-fluoro polyadenylic acid can be efficiently used
as mMRNA, similar to poly-r(A), for the synthesis of
poly-(Lys) in vitro [38]. This finding strongly suggests
that the presence of 2'-hydroxyl groups is not crucial for
ribosomal recognition of mMRNA molecules. The struc-
tural similarities with native RNA that are conferred by
the presence of 2'-fluoro nucleosides probably allow
recognition of 2'-fluoro RNA by the ribosomal machin-
ery and its translation into poly-(Lys) protein.

In other applications, 2'-fluoro as well as 2’-aminopy-
rimidine nucleosides have been introduced at various
positions of synthetic ribozymes [39, 40]. In general,
these modifications did not significantly reduce ri-
bozyme catalytic activity, despite the preference of 2'-
amino nucleosides for the S-type sugar conformation.
At the same time, resistance to nuclease degradation of
these 2'-fluoro- and 2’-amino-containing compounds
was increased by at least a 1000-fold relative to un-
modified ribozymes. Moreover, hydrolytically stable ap-
tamers that contain 2'-fluoro- and 2’-amino-modified
nucleosides and display high affinities for proteins were
isolated using the SELEX technique [41].

Oligonucleotide N3 — P5" phosphoramidates: duplex
and triplex formation properties and biological activity

Uniformly modified oligo-2’-deoxyribonucleotides con-
taining internucleoside N3'—P5 phosphoramidate
linkages have been synthesized and described (fig. 3)
[17, 42]. These compounds contain 3’-amino-2'-de-
oxynucleosides, and the nucleosides are linked together
in oligonucleotides via phosphoramidate monoester
linkages. Thus, they differ structurally in an important
way from native DNA and RNA compounds, in which
nucleosides are connected through phosphodiester
groups. Similar to the phosphodiester oligomers,
oligonucleotide N3’ — P5" phosphoramidates are ionized
and negatively charged at neutral pH, and their inter-
nucleoside phosphorus atoms are all achiral. 2'-
Substituted oligonucleotide N3'—P5" phosphorami-
dates containing 2’-fluoro-3’-amino- or 2’-hydroxyl-3'-
aminonucleosides connected via phosphoramidate
linkages have also been recently described [43-45].
These oligomers may also be considered structural ana-
logues of native DNA and RNA molecules (fig. 3).
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Oligo-2'-deoxynucleotide N3'— P5" phosphoramidates
form very stable duplexes with complementary DNA
and RNA strands. Increases in the duplex melting tem-
perature reached up to 0.7-1.2 °C and 2.3-2.6 °C per
modified nucleoside unit for the complexes formed with
DNA and RNA, respectively, relative to the isosequen-
tial phosphodiester oligonucleotides [17, 42]. Duplex
formation by the oligonucleotide phosphoramidates
was shown to be a highly sequence-specific process that
is guided by proper Watson-Crick hydrogen bond for-
mation. Incorporation of a single mismatched nu-
cleoside in the complementary strand usually reduces
the melting temperature of the complexes by more than
12 °C for a model 11-mer [17].

Compared to their phosphodiester counterparts, these
compounds also exhibit a different chromatographic
behavior under reverse-phase (RP), ion exchange (IE),
and gel electrophoresis conditions. Phosphoramidate
mobility is noticeably higher on RP columns, and much
lower on IE columns. Also, under slab and capillary gel
electrophoresis conditions, oligonucleotide phospho-
ramidates demonstrate lower mobility than their phos-
phodiester DNA counterparts [46, 47]. All these
differences indicate the significantly increased hydration
and rigidity of the N3’ — P5" phosphoramidate sugar-
phosphate backbone relative to native phosphodiester
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Figure 3. Structures of N3’ — P5’ phosphoramidate DNA (R = H)
and RNA (R = OH) and N3’ — P5’ phosphoramidate 2'-deoxy-2'-
fluororibonucleic acid (R =F) (2,6-DAP, 2,6-diaminopurine).
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oligomers. These results were supported by the X-ray
crystallographic structure analysis of a phosphorami-
date DNA duplex [ref. 48, and see text below].
High-resolution proton nuclear magnetic resonance
(NMR) experiments demonstrated that the 3’-aminonu-
cleoside 2’-deoxyfuranose conformation is predomi-
nantly of the C3-endo or N-type in free 3’-amino-
nucleosides and in 3’-aminonucleosides incorporated
into single- and double-stranded oligonucleotide N3’ —
P5" phosphoramidates [49, 50]. Moreover, circular
dichroism (CD) spectra of phosphoramidate DNA du-
plexes were consistent with formation of an RNA-like
A-form conformation [17]. This change in the helix
geometry compared with DNA is likely due to N-type
sugar puckering of 3-aminonucleosides.

These findings were confirmed by the X-ray analysis of
crystals of the self-complementary Dickerson-Drew do-
decamer CGCGAATTCGCG containing only N3 —
P5" internucleoside phosphoramidate linkages [48]. This
phosphoramidate duplex adopts an RNA-like A-type
double helix, despite being made from 2’-deoxynu-
cleosides. The X-ray analysis also revealed a more ex-
tensive hydration pattern of the oligonucleotide
phosphoramidate sugar-phosphate backbone compared
to that for phosphodiesters. In addition, the 3-amino
groups mediate water bridges between opposite strands
across the minor groove. These results will be discussed
in further detail below.

Non-self-complementary oligo-2'-deoxynucleotide N3’
— P5’ phosphoramidates also form extremely stable du-
plexes with each other. The melting temperatures of
these complexes are usually up to 30 °C higher for 12-
to 16-mers than those for the isosequential phosphodi-
ester DNA and RNA compounds [42, 46].

2’-Modified oligonucleotide N3'—P5" phosphorami-
dates with 2'-fluoro or 2’-hydroxyl groups in a ribo-
configuration form even more thermally stable duplexes
with DNA and RNA strands than their parent 2'-deoxy
compounds. Thus, the melting temperatures of the du-
plexes formed by the 2'-fluoro and 2'-hydroxyl de-
cathymidylic N3’ — P5’ phosphoramidates with poly(A)
were approximately 17 °C and 6 °C higher, respec-
tively, than that of their 2’-deoxy phosphoramidate
counterpart [43-45]. The 2'-fluoro- and 2’-hydroxyl
substituted 3’-aminonucleosides apparently have higher
populations of N-type nucleoside conformations. This
conclusion is based on analysis of the nucleoside sugar
ring H1'-H2' coupling constants, which were derived
from the proton NMR spectra of mono- and di-nucle-
otides. This difference likely contributes to the higher
thermal stability of the 2’-modified phosphoramidate
duplexes. Presumably, better hydration of the sugar-
phosphate backbone of these oligomers also contributes
to the increased stability. These 2'-fluoro and 2'-hy-
droxyl substituted oligo-N3'— P5’ phosphoramidates
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are considerably more acid resistant than their 2’-deoxy
counterparts. This is likely due to the electron-with-
drawing effects of 2’-fluoro and 2’-hydroxyl groups that
reduce the basicity of the 3'-nitrogen atom.
Oligopyrimidine-containing oligonucleotide N3’ — P5%’
phosphoramidates form very stable triplexes with
oligopurine:oligopyrimidine segments of phosphodiester
duplexes. This was demonstrated by various experimen-
tal techniques, including thermal dissociation, gel-shift
analysis, cross-linking experiments, endonuclease re-
striction arrest, and fourier transform infrared (FTIR)
spectroscopy [17, 43, 51-53]. Thus, the melting temper-
ature of a triplex between phosphoramidate de-
cathymidylate and a phosphodiester duplex was
47.2 °C under near physiological pH and salt con-
ditions [17]. An even higher triplex stability was ob-
served for the d(T,C)-containing phosphoramidate
CTTCTTCCTTA, where the triplex T, value was
62 °C. Parent phosphodiester oligonucleotides failed to
form triplexes under similar experimental conditions
[42]. Another d(T,C)-containing phosphoramidate
oligonucleotide, TTTCCTCCTCT, formed a much
more stable triplex with a double-stranded DNA target
than did isosequential phosphodiester-linked DNA,
RNA, or 2-O-methylated oligomers. The triplex T,,
values were 45, <10, 26, and 26 °C, respectively.
Similar to the effect on phosphodiester oligonucleotides,
C5-methylation of cytosine bases of the phosphor-
amidates increased their triplex stability, and the T,
value for the triplex formed by oligonucleotide
TTTCMeCMeTCMeCMeTCMeT was 61 °C [51, 52].
Among the natural phosphodiester nucleic acids, pyrim-
idine-containing RNA oligomers form the most stable
triplexes with DNA duplexes. In these triplexes, the
third or Hoogsteen strand assumes a parallel orienta-
tion relative to the targeted purine strand of the duplex
[54]. Their higher stability was attributed, at least in
part, to the N-type sugar puckering of ribonucleosides,
which may facilitate and stabilize Hoogsteen-type base
pairing. It is important to note that oligonucleotide
phosphoramidates that also feature RNA-like N-type
sugar conformation of nucleosides form even more sta-
ble triplexes than the corresponding RNA phosphodi-
esters. Moreover, 2’-O-methyl-modified analogues with
a phosphodiester backbone that also adopt an N-type
sugar conformation form less stable triplexes than the
isosequential and conformationally similar 2’-deoxy or
2'-ribo-N3’ - P5 phosphoramidates. Interestingly, 2'-
fluoro d(C,U)-containing phosphodiester oligonucle-
otides were reported to form the least stable triplexes
relative to the 2’-deoxy, 2’-O-methyl or 2’-ribo counter-
parts. The melting temperatures for their triplexes at pH
6.1 were 20.7, 28.3, 36.8, and 37.7 °C, respectively [55].
The stability of triplexes comprising 2’-fluoro phospho-
diester oligonucleotides is reduced despite the prefer-



CMLS, Cell. Mol. Life Sci. Vol. 57, 2000

ence for an N-type sugar conformation of 2’-fluoronu-
cleosides. This indicates that some additional factors
besides the nucleoside sugar conformation may con-
tribute to the elevated or diminished stability of individ-
ual triplexes. These factors could include, for example,
sugar phosphate backbone hydration and rigidity, spa-
tial positioning of the nucleoside bases, and changes in
the basicity of the heterocycles caused by the sugar ring
substitutions and modifications. Oligopyrimidine N3’ —
P5" phosphoramidates may have an optimal combina-
tion of triplex-favoring properties, such as N-type sugar
puckering and increased hydration of the sugar phos-
phate backbone due to the presence of 3-aminogroups.
Similar to the natural purine-rich oligoribonucleotides,
d(A,G)-containing N3’ —P5' phosphoramidates seem
unable to form stable triplexes with antiparallel orienta-
tion to the polypurine strand of DNA duplexes [51].
The C3-endo sugar puckering of nucleosides that is
preferred by oligonucleotide N3’ —P5" phosphorami-
dates and by native RNA probably disfavors formation
of the required reverse Hoogsteen-type base pairs be-
tween the targeted DNA oligopurine strand and the
triplex-forming compounds. In contrast, oligonucle-
otide N3’ — P5’ phosphoramidates containing blocks of
thymidine and guanosine nucleotides form even more
stable triplexes than do d(T,C)-containing compounds
with the same double-stranded DNA target when the
oligonucleotides were oriented in a parallel fashion to
the oligopurine strand of the duplex [51]. Interestingly,
pentadecathymidylic phosphoramidate formed only a
2T:1A triplex with 2’-deoxy pentadecaadenylate, even if
the molar ratio between the purine and pyrimidine
strands was kept at 1:1, as demonstrated by gel shift
analysis, thermal dissociation experiments, and FTIR
spectroscopy [53].

Oligonucleotide N3’ — P5" phosphoramidates are highly
active in various biological systems. They exhibit high
RNA target selectivity and sequence-specific activity as
antisense and antigene agents under various in vitro and
in vivo conditions [56—59]. The reported results demon-
strate their potential application as very efficient and
sequence-specific agents in vitro and in vivo, with an
observed activity superior to that for the other reference
compounds. The differences in cellular uptake,
bioavailability, and much higher thermodynamic stabil-
ity of the formed complexes may be the key factors
contributing to the better biological activity of oligonu-
cleotide phosphoramidates.

Oligonucleotide N3 — P5" phosphoramidates as
functional mimetics of RNA molecules

As described before, oligonucleotide N3’ —P5 phos-
phoramidates in single- and in double-stranded arrange-
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ments are structurally similar to their natural
phosphodiester RNA counterparts. Consequently, func-
tionally important natural RNA structural elements
may plausibly be prepared from oligonucleotide phos-
phoramidates and used as synthetic decoys for RNA-
binding proteins.

This idea was tested in a model system entailing RRE
and TAR RNA structural elements of HIV-1. These
elements bind to the HIV-1 Rev and Tat proteins,
respectively, and their interaction plays an important
role in regulating viral proliferation. Thus, several
oligonucleotide phosphoramidates isosequential to the
RNA strands composing the RRE and TAR elements
were prepared. These oligonucleotides can form bulged
homoduplexes with each other. Furthermore, these
oligomers form heteroduplexes with native phosphodi-
ester RNA strands. The nucleotide composition of these
complexes corresponds to the RRE or TAR segments
that are recognized by the cognate Rev and Tat proteins
[60]. This recognition is crucial for the viral replication
process. The duplexes with incorporated N3 — P5%
phosphoramidate building blocks were structurally sim-
ilar to the native all-RNA elements as determined by
CD spectroscopy. More important, the complexes, com-
posed of either two phosphoramidate strands or one
phosphoramidate and one phosphodiester RNA strand,
were recognized by the corresponding Rev- or Tat-
derived peptides. The affinities of the peptides for the
modified duplexes were practically the same as those for
the native all-RNA substrates, as shown by gel shift
analysis of the formed peptide-nucleic acid complexes
under non-denaturing conditions [60]. These results are
very interesting in view of the lack of 2’-hydroxyl
groups in the 2'-deoxy phosphoramidate compounds.
The 2'-hydroxyl groups were considered to be an impor-
tant element for Rev and Tat substrate recognition. The
data indicate that for these particular nucleic acid ele-
ments, their recognition and binding by the correspond-
ing proteins may not necessarily require the presence of
2’-hydroxyl groups. Instead, a general A-form geometry
of the nucleic acid helix and N-type sugar puckering of
the composing 3’-amino nucleosides may be more im-
portant. The same may be true for some other RNA-
protein interactions, where the general shape of the
nucleic acid complex plays a crucial role in its recogni-
tion. Additionally, binding of Rev- and Tat-derived
peptides to phosphoramidate complexes was highly se-
guence specific.

In contrast to 2'-deoxy phosphoramidate-containing
duplexes, complexes formed by the isosequential phos-
phodiester oligodeoxynucleotides were not recognized
by the cognate peptides under the experimental condi-
tions used. These data suggest that oligonucleotide
phosphoramidates and their complexes could be used as
nucleic acid decoys for RNA-binding proteins and per-
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Figure 4. Influence of electronegative 2'- or 2'-O-substituents on the furanose sugar conformational equilibrium. Gauche effects
(indicated by curved arrows) and structured water preorganize the sugar for an A-type or C3'-endo conformation [left, using the
2'-0-(2-methoxyethyl)-ribonucleoside as an example]. In oligonucleotides, a B-type or C2’-endo conformation (right) with ribose as well
as 2’- and 2'-O-modified analogues is strongly disfavored as a consequence of stereoelectronic and steric effects. A water molecule
trapped between the 3'-, 2'- and MOE-oxygen atoms is drawn as a gray sphere and hydrogen bonds are dashed lines.

haps for other classes of compound interacting with
RNA. The ability of 2’-deoxyoligonucleotide phospho-
ramidates to act as RNA substrates can likely be fur-
ther enhanced by incorporation of 2'-hydroxyl- or
2'-fluoro-3’-amino nucleosides which should render
phosphoramidate oligonucleotides even more RNA-
like.

Structural investigations of RNA mimetics

The conformations of double-stranded DNA and RNA

Two fundamental geometries are observed with duplex
DNA, the A- and the B-forms, the latter often being
referred to as the physiological conformation of DNA.
Conversely, double-stranded RNA is conformationally
more rigid and adopts an A-form geometry. Conforma-

tional variation in DNA is driven by the flexibility of
the 2’-deoxyribose sugar moiety [61]. Various stereoelec-
tronic effects influence the conformational equilibria of
the pentofuranose moiety as described by the pseudoro-
tation phase cycle [62]. In addition, steric factors play
an important role in the control of sugar conformation,
both at the nucleotide and oligonucleotide levels. For
example, the presence of the 2’-hydroxyl group in the
backbone of RNA shifts the sugar conformational equi-
librium toward the C3'-endo state (fig. 4) [see, for exam-
ple, ref. 63]. The thermodynamic stability of RNA
duplexes exceeds that of RNA-DNA hybrid duplexes of
identical sequence [19]. This has important conse-
qguences for the design of antisense oligonucleotides
targeted against particular portions of messenger RNA.
Thus, in terms of RNA affinity, RNA mimetics neces-
sarily will outperform DNA mimetics [20, 64-67].



CMLS, Cell. Mol. Life Sci. Vol. 57, 2000

Preorganizing the pentofuranose moiety for a
C3'-endo-type pucker

There are three basic strategies for shifting the confor-
mational equilibrium of the furanose moiety toward the
C3'-endo state (fig. 4). The first is modification at the
2’-position with electronegative substituents. The sec-
ond is replacement of the 3’-oxygen in the backbone by
either carbon [ref. 68 and references cited therein] or
nitrogen [ref. 42 and references cited therein]. The third
strategy aims at conformationally restricting the fura-
nose moiety or even locking its conformation in an
RNA-like state, as is the case in LNAs [69]. All three
will tilt the balance of a variety of competing stereoelec-
tronic and steric effects in favor of a 3'-endo puckering
mode. Beyond the effects on conformation, such chemi-
cal modifications will affect hydration and, therefore,
the stability of the heteroduplex between oligonucle-
otide analogue and RNA [20, 70]. In addition, modifi-
cations can confer chemical stability, nuclease
resistance, and favorable pharmacokinetic and pharma-
codynamic properties. Below we will discuss the struc-
tural properties of a range of RNA mimetics. Most of
the structural insights discussed here are based on the
results of X-ray crystallographic investigations of such
oligonucleotide analogues in the laboratory of one of
the authors.

Structural properties of 2’-O-modified RNA analogues
Structural studies of 2’-O-modified RNAs comprise spe-
cies with alkyl and alkoxyalkyl substituents (figs 1, 4).
The crystal structure of an A-form DNA duplex con-
taining isolated 2’-O-methyl adenosines revealed C3'-
endo puckering of the modified riboses and
antiperiplanar (ap) orientation of the C3'-C2" and O2'-
methyl bonds (fig. 4) [71]. The 2’-oxygens appear to be
relatively weak hydrogen bond acceptors. Although the
2’-oxygens of both modified residues formed contacts to
water molecules, the corresponding distances were rela-
tively long, suggesting that water may not play a signifi-
cant role in the higher thermodynamic stability of
2’-O-methyl RNA relative to RNA [23]. This initial
finding at medium resolution was later confirmed by the
crystal structure of the fully 2’-O-methylated RNA du-
plex with the sequence CGCGCG determined at 1.3 A
resolution [72]. Thus, the minor groove of the modified
duplex featured only a relatively small number of water
molecules. Therefore, the structural results have not
provided a satisfactory explanation for the superior
thermodynamic stability of 2'-O-methyl RNA com-
pared with RNA. Factors that may contribute are the
higher conformational rigidity of 2'-O-methyl ribose
relative to native ribose and van der Waals-type interac-
tions between methyl group and base atoms in the
minor groove.
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2’-O-alkoxyalkyl RNAs in which the oxygens of sub-
stituents are separated by ethyl groups form duplexes
with RNA that exhibit superior thermodynamic stabil-
ity relative to hybrids between 2'-O-alkyl RNAs and
RNA [24, 73-75]. In addition to enhanced RNA
affinity, 2’-O-alkoxyalkyl modifications provide resis-
tance to nucleases matching or exceeding that of DNA
phosphorothioates [66, 76]. Interestingly, longer 2'-O-
alkoxyalkyl substituents such as 2'-O-methyl-[tri-
(oxyethyl)] (TOE; fig. 5) or branched species do not
impair RNA affinity. This contrasts with the effects of
growing chain length on RNA affinity and nuclease
resistance for 2’-O-alkyl substituents. In the case of the
latter analogues, RNA affinity decreases with growing
length of the substituent. However, nuclease resistance
is directly correlated with the length of the aliphatic
substituent, the 2’-O-nonyl modification being much
more stable to degradation than the 2’-O-methyl modifi-
cation [77].

Figure 5. Electrostatic interactions between oxygen atoms from
the 2'-O-methyl[tri(oxyethyl)] (TOE) substituent of residue n and
the deoxyribose of residue (n+ 1) in the crystal structure of a
decamer DNA duplex with incorporated 2'-O-TOE thymidines.
Atoms are colored gray, green, red, and orange for carbon, TOE
carbon, oxygen and phosphorus, respectively. Oxygen lone pairs
are shown in blue, anticipated C-H---O hydrogen bonds between
the 5'-methylene group and TOE oxygen atoms are dashed lines,
with the corresponding C---O distances in A, and water molecules
are drawn as pink spheres.
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Two structural studies of 2'-O-alkoxyalkyl-modified nu-
cleic acid fragments have been recently published. In the
first, crystal structures of A-form DNA duplexes con-
taining a single 2’-O-alkoxyalkyl-modified thymidine
[MOE, TOE, or ethoxymethylene (EOM)] per strand
were determined at resolutions between 1.6 and 1.93 A
[78]. While both the 2’-O-MOE and the 2’'-O-TOE sub-
stituents lead to higher stability of duplexes between
modified oligonucleotides and RNA, the 2-O-EOM
substituent, in which O2’ and the outer oxygen atom are
separated by a methylene group, has a destabilizing
effect [73]. The crystallographic data demonstrated that
in the case of the two stabilizing modifications, ribose as
well as the 2’-O-alkoxyalkyl substituent are conforma-
tionally preorganized for an A-form duplex. The con-
formations of all torsion angles around ethyl C-C bonds
in the substituents are synclinal (sc), in accordance with
the gauche effect (figs 4, 5). The substituents are well
hydrated and a conserved hydration site involved O3,
02, and the MOE oxygen (fig. 4). The particular con-
formations observed with 2’-O-TOE substituents in the
crystal structure appear to be stabilized by a network of
C-H---O-type hydrogen bonds between substituent and
backbone as well as a network of coordinated water
molecules (fig. 5). Further conclusions from the struc-
tural work are the lack of stabilizing hydration motifs
with the thermodynamically unfavorable 2’-EOM sub-
stituent and a more promiscuous conformational be-
havior of this substituent, most likely as a result of the
missing gauche effect.

A second structural study focused on the conforma-
tional properties of a fully modified 2’-O-MOE RNA
duplex [79]. Four structures of the modified duplex with
sequence CGCGAAUUCGCG based on crystals grown
under a variety of conditions were determined at resolu-
tions up to 1.7 A. The duplex assumes an overall
A-form conformation with a slightly reduced helical rise
relative to wild-type A-form RNA (fig. 6). The previous
finding that the geometry of the 2'-O-MOE substituent
in the minor groove is relatively rigid was largely borne
out by these structures. Most substituents feature an sc
conformation of the torsion around the ethyl C-C bond,
and a water molecule forming hydrogen bonds to 02/,
03, and MOE oxygen is conserved with almost all
residues (fig. 7A). This water molecule can stabilize
further waters that hydrogen bond to either base atoms
or non-bridging phosphate oxygens in the backbone.
The presence of the 2'-O-MOE substituent clearly im-
proves the hydration of the sugar-phosphate backbone
which may even surpass the excellent hydration of natu-
ral RNA due to the ribose 2'-hydroxyl group [21]. In
summary, important structural features of 2'-O-MOE
RNA such as conformational preorganization of sugar
and 2’-O-substituent and an extensive water structure
are in line with the increased thermodynamic stability of
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hybrid duplexes between 2-O-MOE RNA and RNA
relative to the corresponding DNA-RNA hybrids.
Moreover, the hydration motif involving MOE sub-
stituent and ribose atoms could play a role in the
increased nuclease resistance of 2-O-MOE RNA and
the reduced non-specific binding to serum proteins com-
pared with phosphorothioate DNA [76, 79].

Structural properties of N3’ — P5" phophoramidate
DNA

The most detailed picture obtained to date for the
structural consequences of replacement of the 3'-oxygen
in DNA by an amino group is based on the 2-A X-ray
crystal structure determination of the all-modified
N3’ — P5" phosphoramidate DNA duplex with sequence
CGCGAATTCGCG [48]. This particular sequence was
selected because it had been used in the first crystal
structure determination of a B-form DNA [80]. In prin-
ciple, any major geometric differences between the
structure of this so-called Dickerson-Drew dodecamer
and the phosphoramidate DNA dodecamer in our crys-
tal structure can therefore be attributed to the chemical
modification in the sugar-phosphate backbone of the
latter. Indeed, the phosphoramidate duplex adopts an
A-form geometry (fig. 6), consistent with the diminished
strength of the gauche effect between the deoxyribose
4’-oxygen and the 3'-nitrogen relative to the correspond-
ing interaction between 04’ and O3 in DNA. The
puckers of all sugars in the modified duplex fall into the
C3-endo conformational range (fig. 4) [70].

As in the case of the 2'-O-alkoxyalkyl-modified du-
plexes, the presence of the 3'-amino group significantly
increases the number of water molecules that are con-
ferred on the sugar-phosphate backbone. The DNA
backbone features many hydrogen bond acceptors but
is completely deficient of donors. Replacing the 3’-oxy-
gen by an amino group introduces a moiety into the
backbone that can act as both a hydrogen bond donor
and acceptor. Although the resolution of the structure
did not permit us to locate all first-shell water
molecules, most of the phosphoramidate moieties can
clearly stabilize two to three water molecules (pink
spheres in fig. 7B). In many places, two water molecules
bridge the amino group and one of the adjacent non-
bridging phosphate oxygens. The particular packing
arrangement in the rhombohedral lattice of the phos-
phoramidate DNA dodecamer leads to close lateral
contacts between adjacent duplexes. Potentially repul-
sive electrostatic interactions between tightly spaced
phosphoramidate moieties from three duplexes are re-
lieved by ammonium and chloride ions located on the
threefold rotation axis present in the space group of the
phosporamidate DNA crystals (fig. 8). The chloride
anions exhibit a tetrahedral coordination with three
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Figure 6. Overall geometries of N3’ — P5’ phosphoramidate DNA (A, C) and 2’-O-(2-methoxyethyl) (MOE) RNA (B, C) dodecamer
duplexes of sequence CGCGAATTCGCG (DNA) and CGCGAAUUCGCG (RNA), viewed perpendicular (A, B) and roughly along
their helical axes (shown in yellow) (C). In the phosphoramidate DNA, crystal duplexes are stacked end-to-end, resulting in nearly
superimposed local and overall helical axes. In the 2'-O-MOE RNA crystal, individual duplexes are tilted relative to the direction
defined by the duplex stack. The projections in (C) are along the local helix axis, both for phosphoramidate DNA and 2-O-MOE RNA.
Atoms are colored gray, red, cyan, orange, blue, and green for carbon, oxygen, nitrogen, phosphorus, 3'-nitrogen, and MOE carbon,

respectively.
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Figure 7. Hydration of the sugar-phosphate backbones in 2-O-MOE RNA (A) and N3’ — P5’ phosphoramidate DNA (B). Atoms are
colored gray, red, cyan, and orange for carbon, oxygen, nitrogen, and phosphorus, respectively. Water molecules are drawn as orange
(water between oxygen atoms from adjacent phosphate groups) or pink spheres [water molecules stabilized by the presence of
2'-O-MOE substituents (A) or 3'-nitrogens (B)] and hydrogen bonds are dashed lines. In the 2'-O-MOE RNA backbone portion
depicted in (A), the 2'-O-MOE substituents (green) adopt sc*, ap, sc —, and sc ~ conformations (from top to bottom). Chloride and
ammonium ions replacing water molecules at several nucleotides in the crystal structure of the phosphoramidate DNA duplex are drawn

as green and cyan spheres, respectively.

corners of the tetrahedron formed by 3’-amino hydro-
gen atoms and the fourth contact being made to an
ammonium ion that in turn coordinates to three water
molecules (colored in pink in fig. 8). A further ammo-
nium ion coordinates to three phosphate groups that
are located 5’ to the above amino nitrogens.

The particular arrangement of ions around the phos-
phoramidate DNA duplex allows unambiguous deter-

mination of the absolute configuration of the 3'-amino
groups (figs 8, 9). Accordingly, the lone pair of the
3’-nitrogen is oriented ap to the P-O5%’ bond, in good
agreement with the generalized anomeric effect [see, for
example, ref. 81]. In addition to the energetic advantage
provided by this configuration, the lone pair and hydro-
gen of the 3-amino group can engage in hydrogen-
bonding interactions (fig. 9A). The corresponding
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situation in P3'—> N5 phosphoramidate DNA differs
drastically. To satisfy the postulated anomeric effect,
the amino hydrogen is sequestered from solvent, limit-
ing the hydration of the P3'—N5" phosphoramidate
DNA backbone (fig. 9B) [82]. Moreover, this arrange-
ment results in steric conflicts independent of whether
the 2’-deoxyribose adopts a C2-endo or a C3'-endo
conformation [48].

The crystal structure of the N3’ — P5’ phosphoramidate
DNA dodecamer has provided a rationalization for the
enhanced thermodynamic stability of phosphoramidate
DNA self-pairing relative to DNA and RNA as well as
for its higher affinity for RNA. In addition, it provided
an explanation for the somewhat puzzling observation
that N3’ — P5" phosphoramidate DNA forms very sta-
ble duplexes, whereas P3’ — N5’ phosphoramidate DNA
neither pairs with itself nor RNA [42].

Structural basis of the nuclease resistance of a
zwitterionic 2’-O-modified RNA

Three-dimensional structures of chemically modified
nucleic acids can provide clues about the thermody-
namic stabilities of their complexes with DNA and
RNA. However, better understanding of the conse-
guences of chemical modification for interactions be-
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tween nucleic acid analogues and proteins requires
structural models of complexes between such nucleic
acids and proteins.

To gain insight into the exceptional exonuclease resis-
tance exhibited by nucleic acids with 2’-O-(3-amino-
propyl)-modified ribonucleosides (2'-O-AP RNA,; fig. 1)
at their 3'-flanks [26], crystal structures of complexes
between short DNA fragments containing 2'-O-AP-
modified residues and the DNA polymerase | Klenow
fragment 3'-5" exonuclease were determined [83]. These
structures revealed that a positively charged 2'-O-AP
substituent forms hydrogen bonds to an amino acid
that normally coordinates to a Mg?* ion at the active
site of the exonuclease (fig. 10) [84]. The substituent
effectively displaces this metal ion, thus preventing the
stabilization of the 3'-leaving group in the second step
of the phosphodiester hydrolysis reaction. The struc-
tural work demonstrates that nuclease resistance in the
case of the zwitterionic RNA mimetic 2'-O-AP RNA
involves an electrostatic and a steric component. The
structural insights into the mechanism of exonuclease
inhibition by an oligonucleotide analogue also provide
a starting point for the design of new modifications with
improved RNA affinity and protection against degrada-
tion by a variety of cellular nucleases.

Figure 8. Bridging of three adjacent duplexes by chloride and ammonium ions in the crystal lattice of the N3’ — P5’ phosphoramidate
DNA dodecamer duplex. The coordination mode of the chloride anions establishes the absolute configuration of the 3'-amino nitrogen.
For the two duplexes in the foreground, atoms are colored gray, red, cyan, and orange for carbon, oxygen, nitrogen, and phosphorus,
respectively. Atoms of a third duplex in the background are shown in white with the 3'-nitrogen atoms highlighted in cyan. The chloride
ion is drawn as a green sphere, ammonium ions are drawn as cyan spheres, hydrogen atoms of 3'-nitrogens are drawn as small cyan

spheres with labels, and hydrogen bonds are dashed lines.
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Figure 9. Structures of N3’ — P5' phosphoramidate DNA (A) and P3’' — N5’ phosphoramidate DNA (B) and anomeric effects in their
backbones. Coordination of chloride anions to the phosphoramidate moiety in the crystal of the N3'—P5" phosphoramidate DNA
dodecamer duplex established the ap orientation of 3'-nitrogen lone pair and P-O5" bond. This experimental observation led to the
prediction of an ap orientation between the 3'-nitrogen lone pair and P-O3' bond in P3' — N5’ phosphoramidate DNA. The drawings
show C3’-endo puckering of the deoxyribose for both types of phosphoramidates, although the presence of a 3'-oxygen in P3'— N5’
phosphoramidate DNA likely results in a preference for a C2'-endo-type pucker. However, steric conflicts are expected for P3’' — N5’
phosphoramidate DNA independent of the conformation of the sugar [see fig. 9 in ref. 48]. Nitrogen lone pairs are highlighted in blue,
relevant P-O bonds and antibonding orbitals are highlighted in red, a coordinated chloride anion is drawn as a green sphere, torsion
angles and carbon atoms are labeled, and a predicted short contact between the 5-amino hydrogen and one of the 2’-hydrogens is
marked by an arrow.
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Figure 10. Model of the inhibition of DNA polymerase | Klenow fragment 3'-5-exonuclease by an oligodeoxynucleotide carrying a
2'-0O-(3-aminopropyl) (2'-O-AP) modification (blue). The model is based on X-ray crystal structures of complexes between Klenow
fragment and oligodeoxynucleotides containing either a single 2'-O-AP thymine or multiple 2'-O-AP-modified residues. Presence of the
positively charged aminopropyl substituent leads to displacement of metal ion B (Mg?*) normally bound at the active site of the
exonuclease. Rather than stabilizing this metal ion, the carboxylate of residue Asp424 (red) is engaged in hydrogen bonds to the
ammonium group of the 2’-O-substituent. Metal ion A, Zn?*, is shown as a pink sphere, key amino acids at the active site are labeled,
the nucleophile is shown in cyan, and hydrogen bonds are dashed lines.

Conclusions

Intense efforts to define artificial nucleic acid systems
with properties that render them more suitable for a
host of in vitro and in vivo applications than natural
DNA or RNA have now yielded a number of promising
RNA analogues. These include 2’-O-modified RNAs,
N3"— P5" phosphoramidates, and LNAs. Such ana-
logues inhibit increased RNA affinity, chemical stabil-
ity, and nuclease resistance, and the DNA
phosphoramidates are capable of mimicking the native
RNA ligands in protein-RNA complexes. Structural

investigations of 2’-O-modified RNAs and DNA phos-
phoramidates have provided a rationalization of the
higher thermodynamic stability for these analogues. In
addition to steric and stereoelectronic factors, changes
in the water structure as a consequence of chemical
modification appear to crucially affect thermodynamic
stability. The RNA analogues reviewed here will un-
doubtedly find numerous applications in biochemistry
and biology, and as diagnostics tools. Whether they can
indeed live up to their promise as potential antisense
therapeutics will have to be determined in the coming
years.
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