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Sugar modifications play a central role in the development of
potent antisense oligonucleotides.1-3 Although a wide variety of
C2′-ribose substitutions have been shown to increase antisense
oligonucleotide (AO) affinity toward RNA, none have been shown
to elicit RNase H activity which is critical to drug efficacy.4 This
failure can be traced to the conformational properties of the AO:
RNA hybrid which are primarily determined by the preferred
sugar puckers of the nucleotide. Most C2′-ribose substitutions
favor C3′-endo puckering.5 While this promotes preorganization
of the antisense strand to a more stable A-form geometry, the
resulting conformation of the AO:RNA hybrid is apparently not
recognized by RNase H.6 This enzyme is considered to be sen-
sitive to the minor groove dimensions of the duplex, which assume
an intermediate value between the canonical A- and B-form widths
in the native DNA:RNA substrate.7 The conformation of most
ribose-derived AO:RNA hybrids is therefore too close to the ideal
A-form geometry to activate RNase H cleavage of RNA.

Recently, arabino-based nucleotides have been shown to invoke
RNAse H activity when hybridized with complementary RNA.8

Although no X-ray crystallographic data is available for arabino-
nucleic acids (ANA) complexed with RNA, Egli and co-workers
have determined the structure of an ANA:DNA complex.9 Their
work has shown that 2′-deoxy-2′-fluoroarabinose substitutions
adopt an O4′-endo conformation in the duplex, producing stable
B-form geometries when complexed with complementary DNA.
In this paper, we report the results of a computational study of
ANA:RNA hybrids containing C2′-arabino substitutions with two
goals in mind. The first seeks to explain the basis for RNase H
activity of ANA:RNA hybrids. It follows from previous work
that this is most likely due to the preference of arabinonucleotides
to adopt B-like conformations,9,10 leading to ANA:RNA duplex
structures that are geometrically similar to native DNA:RNA
substrates. The second focuses on the effect of C2′-arabino
substitution on conformation and stability. This is particularly
important, given the vast array of potential modifications that
could be incorporated at the C2′ position.1-3

The starting geometries for the ANA:RNA complexes were
derived from experimental NMR structures of the hybrid sequence
d(GCGTCAGG):r(CCUGACGC).11 The deoxyribose units were
modified appropriately to incorporate 2′-deoxy-2′-fluoroarabino
(2′F), 2′-deoxy-2′-methoxyarabino (2′OMe), and standard arabino

(2′OH) nucleotides. Ab initio calculations were initially performed
on simple arabinonucleoside models to examine the puckering
profiles of the three derivatives. The resulting energy profiles
(which focused on the pseudorotation cycle from C3′-endo to C2′-
endo) were further applied to parametrize the sugar fragments
for subsequent molecular dynamics (MD) simulation. The general
protocol as outlined by Cornell et al. was followed to parametrize
the new residues for incorporation in the AMBER 4.1 force field
database.12,13A listing of the partial atomic charges, valence and
torsional parameters, and van der Waals parameters is reported
in the Supporting Information. The three oligonucleotide com-
plexes were placed in periodic boxes of TIP3P water and slowly
equilibrated, following a procedure reported elsewhere.14 Produc-
tion runs were performed over 1 ns at constant temperature/
pressure (300 K/1 atm) using 2-fs time steps. The SHAKE
algorithm was applied to constrain all bonds to hydrogen, and
coordinates were saved every 2 ps for further analysis.

The average physical properties of the ANA(2′OH):RNA and
ANA(2′F):RNA hybrids were examined first, since these re-
semble complexes previously analyzed with X-ray crystallography
as well as those used to investigate RNase H activity.8,9 An
analysis of the sugar puckers of the ANA(2′F) and ANA(2′OH)
strands indicates that both adopt a more southern, or C2′-endo
geometry, consistent with the ab initio model calculations. A close
examination of the pucker values and structural details, however,
shows that some substitution-dependent differences are evident
in the two complexes. While the standard arabinose sugars favor
southern pucker phase angles of∼145-162° (C2′-endo), the
values are slightly more northern and varied toward the O4′-endo
domain (∼73-144°) in the fluoro-substituted strand. This dif-
ference is most likely due to the formation of an internal hydrogen
bond between the C2′-hydroxyl group and the C5′-oxygen of the
arabinose sugar that essentially “locks” the conformation in the
C2′-endo form. This interaction is shown in Figure 1 and was
found to be long-lived in the central six arabinose sugars over
the course of the simulation (>95% populated). The lack of an
analogous interaction, as well as the decreased size of the fluoro
group, may also explain the increased variability noted in the
phase angles of the ANA(2′F) strand. Although it had been
reported that the fluorine makes steric contacts with flanking bases
in the crystal structure of an ANA(2′F):DNA,9 we see no evidence
of that here. It is important to point out, however, that ANA:
DNA structures adopt a B-form geometry,9 which is inherently
different than the A-like conformations reported for DNA:RNA
hybrids.11,15In both ANA:RNA complexes, the sugars of the RNA
complement strongly favor the northern or C3′-endo conformation
(also shown in Figure 1). Overall, this produces a hybrid geometry
that is structurally similar to that of the native DNA:RNA. The
similarities were further verified by evaluating the helicoidal
parameters of the duplexes. (A complete list of structural
parameters is given in the Supporting Information.) A comparison
of the minor groove widths (as estimated by interstrand phosphate
distances) of the ANA(2′F):RNA, ANA(2′OH):RNA, and DNA:
RNA structures shows all three share intermediate values (14-
15 Å) when compared to ideal A- or B-form geometries. This
may explain the RNase H activity of ANA:RNA hybrids reported
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in a previous paper.8 It has also been suggested that the steric
composition of the minor groove may be an important factor for
RNase H recognition. For most ribose-based antisense nucleotides,
C2′-substitutions project into the minor groove, potentially
blocking recognition by RNase H.14 The ANA C2′-substituents,
however, adopt the opposite stereochemistry and occupy steric
space in the major groove of the duplex. (See also Figure 1.)
Although this suggests that most ANA C2′-modifications would
project away from the minor groove, it is important to point out
that this also depends on sugar pucker. Simple test simulations
of the ANA:RNA duplexes show a C3′-endo pucker would
dispose the C2′-substituent of the arabinose ring to the minor
groove, dramatically changing the macromolecular conformation.

Simulations of a methoxy-substituted ANA:RNA complex have
also been performed to investigate the potential effects of
C2′-O-X derivatization on the macromolecular conformation.
This site is of particular importance due to the wide array of
C2′-O-X modifications that have been reported in the develop-
ment of ribose-based antisense compounds.1-3 The average
structure taken from the last 500 ps of the simulation indicates
the ANA(2′OMe):RNA complex adopts a conformation that is
very similar to that of DNA:RNA. The pucker phase angles are
comparable to those noted for the ANA(2′F) strand, lending
further strength to the conclusion that an intramolecular hydrogen
bond may lock the standard arabinose sugar in a more southern
C2′-endo conformation. Given the previous report of potential
steric contacts between the relatively small fluorine atom and
flanking bases, we were particular concerned with the steric
environment surrounding the methoxy group. Over the course of
the simulation, nonbonded distances to the nearest neighbors of
this group were therefore monitored for close contacts. Although
we found no unfavorable steric contacts between flanking bases
and the methyl hydrogens, some crowding of the methoxy oxygen
was observed. As shown in Figure 2, the closest contacts occur

between the oxygen and C6/C8 carbons of the flanking bases.
While this interaction is slightly repulsive (with an average
nonbonded distance of 3 Å), the contacts do not induce noticeable
changes in the hybrid geometry as indicated by an analysis of
helicoidal parameters of the duplex. (A listing of the close contact
distances for all ANA:RNA complexes is given in the Supporting
Information.)

Taken overall, the results indicate C2′-modified ANA:RNA
complexes adopt conformations that are very similar to that of
the native DNA:RNA substrate of RNase H. Subtle differences
in the conformations, however, are noted depending on the arabino
C2′-substituent. In particular, the sugar puckers of the ANA(2′OH)
strand were found to adopt a more southern C2′-endo conforma-
tion when compared with the fluoro or methoxy derivatives. This
may explain the observed decrease in stability and RNase H
activity previously reported for ANA(2′OH):RNA complexes
when compared with analogous ANA(2′F):RNA hybrids.8 Our
study indicates the ANA(2′OH) strand is more rigid due to the
formation of an intramolecular hydrogen bond between the C2′-
hydroxyl and the C5′-oxygen of the arabinose sugar. This most
likely predisposes the ANA strand to a more B-like conformation,
leading to less favorable ANA-RNA interactions in the A-like
hybrid geometry. Perhaps the most provocative result of this study
regards the potential use of C2′-modified ANA strands in the
development of antisense compounds. While some steric contacts
were noted between the C2′-methoxy oxygen and flanking bases,
the simulations indicate that a vast array of C2′-O-X substitu-
tions could be accommodated in the major groove of the ANA:
RNA duplex. Given the past success of 2′-RNA substitutions in
modulating the thermal stability of AO:RNA complexes,1-3 further
studies of C2′-ANA derivatives may prove highly fruitful in the
development of antisense compounds. Of course, the design of
potential ANA derivatives should also consider the steric environ-
ment about the C2′-oxygen as well as the relationship between
sugar puckering and macromolecular conformation. Work is
currently underway in our laboratory to investigate the effect of
incorporating C2′-N-X, C2′-S-X, and larger alkoxy substit-
uents on ANA:RNA structure and stability.

Supporting Information Available: Listing of AMBER force field
parameters; tables of helicoidal parameters including C2′-contact dis-
tances; sugar pucker profiles; relative energies of arabinonucleoside
conformations; coordinates for ANA(2′OH):RNA, ANA(2′F):RNA and
ANA(2′OMe):RNA complexes in PDB format and details of figure
generation (PDF). This material is available free of charge via the Internet
at http://pubs.acs.org.
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Figure 1. Superposition of ANA(2′OH) and RNA sugar conformations
with major and minor groove directions given for perspective. The internal
hydrogen bond interaction of the arabinose sugar is shown with a dashed
line. The structures are taken from the central C:G complement of the
ANA(2′OH):RNA complex.

Figure 2. Structure of the ANA(2′OMe):RNA complex with the steric
contacts of the methoxy group highlighted in black. The closeup view
shows the relevant van der Waals surfaces.
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