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Abstract: CeNA is an oligonucleotide where the (deoxy)ribose sugars have been replaced by cyclohexenyl
moieties. We have determined the NMR structure of a CeNA:RNA duplex and have modeled this duplex
in the crystal structure of a PIWI protein. An N puckering of the ribose nucleosides, a 2H3 conformation of
the cyclohexenyl nucleosides, and an A-like helix conformation of the backbone, which deviates from the
standard A-type helix by a larger twist and a smaller slide, are observed. The model of the CeNA:RNA
duplex bound to the PIWI protein does not show major differences in the interaction of the guide CeNA
with the protein when compared with dsRNA, suggesting that CeNA modified oligonucleotides might be
useful as siRNAs. Incorporation of one or two CeNA units in the sense or antisense strands of dsRNA led
to similar or enhanced activity compared to unmodified siRNAs. This was tested by targeting inhibition of
expression of the MDR1 gene with accompanying changes in P-glycoprotein expression, drug transport,
and drug resistance.

1. Introduction

In searching for oligonucleotides that can mimic the function
of RNA but with increased enzymatic and chemical stability,
we have developed cyclohexenyl nucleic acids (CeNA).1-8

Although CeNA (Figure 1) is a deoxyoligonucleotide (it has
no hydroxyl group in the position adjacent to the nucleobase),
it resembles RNA in its conformational behavior. The monomers
prefer to adopt a “Northern-type” conformation, and hybridiza-
tion of CeNA is RNA selective (the stability of CeNA:RNA
duplexes compared to CeNA:DNA duplexes is higher). Interest-
ing properties of CeNA include its conformational flexibility,
which means that a cyclohexenyl nucleoside can adapt its
conformation to its chemical environment and its stability against
enzymatic degradation. We have demonstrated that a cyclohex-

enyl nucleotide can adopt a “Southern-type” or a “Northern-
type” conformation dependent on the number and the position
of incorporated CeNA units in duplex oligonucleotide sequences.
Therefore CeNA might be a good candidate to be tested as an
RNA mimic in biological experiments. This may be of particular
interest in the context of the regulation of gene expression by
small interfering RNAs (siRNAs).
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Figure 1. Structures of cyclohexenyl-A and cyclohexenyl-G which are used
to synthesize cyclohexenyl nucleic acids (CeNA)-RNA hybrids.
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RNA interference (RNAi) is the process of posttranscriptional
dsRNA-dependent gene silencing; it is a method of cellular
defense and a regulatory mechanism for the expression of
cellular genes.9-11 Small interfering RNAs (siRNAs) are the
mediators of targeted mRNA degradation,12 and chemically
synthesized siRNA duplexes are becoming a promising new tool
in fundamental and clinical research.13 The mechanism of gene
silencing by dsRNA is highly complex and not fully under-
stood.14 It involves the formation of an RNA-induced silencing
complex (RISC) that contains a member of the Argonaute
protein family. In order to use siRNA therapeutically in
mammalian organisms it will be important to increase the degree
and persistence of gene silencing. A key aspect of this is that
the extracellular and intracellular stability of the siRNA must
be increased by chemical modifications.15 For the chemically
modified nucleotides that have been evaluated so far for siRNA
applications, it is clear that the 2′-OH group of RNA is not
absolutely necessary for RNAi activity.16 However, the intro-
duction of modifications such as 2′-O-methyl- or LNA (Locked
Nucleic Acid) moieties must be restricted to certain regions of
the siRNA sequence so as not to lose biological potency.17-21

In introducing modifications, a balance needs to be found
between increasing the stability to nuclease degradation while
not losing biological activity. Thus far, 2′-deoxy-2′-fluoro
nucleoside modifications seem to be the best choice as
substitutes for ribonucleosides in siRNA.16,10 The potency of
siRNAs modified in the antisense strand ranks in the order 2′-F
> 2′-OMe > 2′-OMOE [2′-O-(2-methoxyethyl)].22 The sense
strand is more tolerant to modification than the antisense strand.
However, although a variety of modifications are tolerated, there
is little evidence that even the best (2′-F) modified siRNAs are
more potentin ViVo than unmodified siRNA.23

When designing the modified RNA, some simple rules should
be taken into consideration. More effective siRNA duplexes
show reduced thermodynamic stability at the 5′-end of the
antisense siRNA relative to the 3′-end within the duplex.14 RISC
cleaves the target mRNA in the middle of the complementary
region, 10 nucleotides upstream of the nucleotide with the 5′-
end of the guide siRNA,24 yielding a 5′-phosphate and a 3′-
hydroxyl termini.25 Dicer cleaves long dsRNA into 21- to 28
nucleotide siRNA duplexes that contain 2 nucleotide 3′-

overhangs with 5′-phosphate and 3′-hydroxyl termini.14 Based
on these observations, modifications at the 5′-end of the
antisense siRNA that increase thermodynamic stability or
impede 5′-O-phosphorylation,26 and modifications in the middle
of the duplex that will interfere with RNase cleavage, are more
likely to reduce siRNA activity. It has been demonstrated that
2′-OMe and 2′-F modified nucleoside residues incorporated at
the cleavage site do not interfere with nucleolytic activity.22 For
example, a recent publication describes the potent anti-HBV
(Hepatitis B Virus) activity of fully modified siRNA (using 2′-
OMe, 2′-F, and deoxynucleotides).27

In this paper we have investigated the physical and biological
properties of RNA-like CeNA oligonucleotides. We have
determined the solution structure of an RNA/CeNA duplex by
NMR and have used computational approaches to evaluate the
functional analogy between RNA and CeNA by analyzing the
potential of CeNA to function as a substitute for RNA in
siRNAs. We have also tested the effects of CeNA modifications
on the potency of siRNAs using the human MDR1 gene as a
target. The product of this gene is the P-glycoprotein, a
transmembrane ATPase that confers resistance to a variety of
antitumor drugs.28 The anti-MDR1 siRNA sequences chosen
are shown in Figure 2.

2. Materials and Methods

2.1. Oligonucleotides.The synthesis and characterization of all
oligonucleotides that have been used in the experiments have been
described previously.3 All oligonucleotides were characterized using
HPLC (Supporting Information), mass spectrometry (Table 3), andTm

measurements (Supporting Information).
2.2. NMR Sample Preparation.The duplex used for the NMR

experiments [Ce(5′-GCGTAGCG-3′)/r(5′-CGCUACGC-3′)] was ob-
tained by titrating an RNA solution r(5′-CGCUACGC-3′) with the
complementary CeNA sequence Ce(5′-GCGTAGCG-3′). Structure and
main torsion angles of the cyclohexenyl nucleosides are shown in Figure
3A and B. After titration, the pD of the sample was adjusted to 7.2.
The sample was lyophilized and redissolved in 0.25 mL of D2O,
resulting in a concentration of 2.1 mM of the duplex. For spectra in
H2O, the sample was again lyophilized and dissolved in 0.25 mL of
90%H2O/10%D2O.

2.3. NMR Spectroscopy.Spectra were recorded on a Varian 500
Unity spectrometer (operating at 499.140 MHz). Unless stated other-
wise, spectra were recorded at 15°C. The solution structure of the
duplex was determined using standard homonuclear and heteronuclear
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Figure 2. dsRNA sequences with two dT overhangs at the 3′-end, targeting
the MDR1 gene (target regions designated ORF1 and ORF2).
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techniques.29-38 Spectra were processed using the FELIX 97.00 software
package (Biosym Technologies, San Diego, VA) running on a Silicon
Graphics O2 R10000 workstation (IRIX version 6.3).

Nonexchangeable protons in the entire duplex could be assigned
starting from a standard anomeric to aromatic proton walk. Sequential
connectivities could be achieved in the RNA as well as in the CeNA
strands of the duplex and provided assignments for H1′ H5, H6, and
H8 protons. The other protons of the spin systems were assigned from
TOCSY, DQF-COSY, and NOESY spectra.39 The31P resonances were
assigned from the 2D1H-detected [1H,31P] correlation spectrum. One-
dimensional imino-proton spectra recorded at various temperatures in
90% H2O/10% D2O showed six sharp signals between 12.5 and 14
ppm. Due to fraying at the helix ends, imino signals of G1 and G8
could not be observed.

2.4. NMR Derived Restraints. 2.4.1. Distance Restraints. Distance
restraints were derived from NOESY spectra recorded with 50, 100,

and 150 ms mixing times. Based on the buildup curves, interproton
distances were calculated. An experimental error ((20%) was used on
the calculated interproton distances. The calibration of NOE cross-
peak intensities was done against the H5-H6 cross-peaks as an internal
standard. In the CeNA strand this resulted in 35 inter-residue and 120
intraresidue distance restraints, in the RNA strand 32 inter-residue and
56 intraresidue restraints could be obtained, and inter-strand NOE
contacts with the H2 protons of both Adenine residues resulted in 6
interstrand restraints.

2.4.2. Puckering Restraints:Sugar puckers of the riboses in the
RNA strand were inferred from the weak H1′ to H2′ (<2 Hz) scalar
couplings and indicate N puckering of the sugar rings. In the CeNA
strand, coupling constants in the cyclohexene rings were evaluated by
fitting the H3′-H4′ and H4′-H5′ COSY cross-peaks with the ACME
computer program.40 An analysis of the obtainedJH2′-H3′ (3-4 Hz),
JH2′′-H3′ (∼8-10 Hz), andJH3′-H4′ (∼7-9 Hz) with the Hexrot computer
program8 shows the puckering of the cyclohexene rings to be2H3(N-
Type) (72-93%). Very strong NOE contacts between H3′ and H6/H8
(2.01-2.77 Å) confirm these observations (Figure 3C). Dihedral
restraints on O4′-C1′-C2′-C3′ (-25° ( 20°) and C1′-C2′-C3′-
C4′ (37° ( 20°), to define the N-type ribose conformation, and on
C1′-C2′-C3′-C4′ (59° ( 20°) and C2′-C3′-C4′-C5′ (-38° ( 20°),
to define the2H3(N-Type) cyclohexene conformation, were used for
the structure determination.

2.4.3.â Torsion Angle Restraints.Theâ torsion angles of the RNA
and CeNA strands were restrained to the trans region (to 180° ( 30°)
based on the observable four bondJH4′-P(n)couplings (∼4 Hz), indicating
a W-shaped conformation of the atoms P-O5′-C5′-C4′. The small
and almost equal coupling constants (∼3 Hz) which could be observed
between P and H7′/H7′′ in the CeNA strand and between P and H5′/
H5′′ in the RNA strand confirm these observations.

2.4.4. γ Torsion Angle Restraints. The small passive couplings
observed in the H5′ to H5′′ (RNA residues) cross-peaks in the DQF-
COSY spectrum and the nicely resolved H4′-P(n) cross-peak in the
2D 1H-detected [1H,31P] correlation spectrum allowed us to restrain
theγ torsion angles in the RNA duplex to theg+ region (60° ( 35°).
In the CeNA strand, close NOE contacts were observed between H7′
and H4′, H7′′ and H4′, H7′′ and H3′, and H7′ and H5′ (Figure 3C).
Analysis of proton distances in the different possible conformations
around theγ torsion angle shows that this pattern of NOE contacts
corresponds to ag+ conformation, which was further supported by
the nicely resolved H4′-P(n) cross-peak in the 2D1H-detected [1H,31P]
correlation spectrum. Theγ torsion angle of the CeNA residues was
restrained to 60° ( 50°.

2.4.5.E Torsion Angle Restraints.Theε torsion angles of the RNA
residues were restrained (to 230° ( 70°) based on steric arguments. In
the CeNA residues, noε torsion angle constraints were applied. Other
backbone angles were not restrained.

2.5. NMR Structure Calculation. All structure calculations of the
Ce(5′-GCGTAGCG-3′)/r(5′-CGCUACGC-3′) duplex were performed
with X-PLOR V3.851.41 The topallhdg.dna and parallhdg.dna files were
adapted to include the cyclohexenyl nucleotides (see Figure 4). In the
topology file, 4 new CeNA residues were introduced (Ce-A, Ce-T,
Ce-G, Ce-C). The modeled structure of a Ce-T monomer was used
to derive energy constants. The torsion angle molecular dynamics
protocol used was largely identical to that proposed for a DNA duplex.42

A set of 100 structures was generated by torsion angle molecular
dynamics, starting from two extended strands and using NMR derived
restraints. After the torsion angle molecular dynamics round, the
majority of the structures (65%) had converged to very similar structures
with similar total energies (134-257 kcal mol-1) and no violations of

(29) Wijmenga, S. S.; Mooren, M. M. W.; Hilbers, C. W. InNMR of
macromolecules: a practical approach; Roberts, G. C. K., Ed.; Oxford
University Press: Oxford, 1993.
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1998,32, 287.

(31) States, D. J.; Haberkorn, R. A.; Ruben, D. J.J. Magn. Reson.1982, 48,
286-292.

(32) Plateau, P.; Gueron, M.J. Am. Chem. Soc.1982, 104, 7310-731.
(33) Piotto, M.; Saudek, V.; Sklenar, V.J. Biomol. NMR1992, 2, 661-665.
(34) Rance, M.; Sorensen, O. W.; Bodenhausen, G.; Wagner, G.; Ernst, R. R.;

Wuthrich, K. Biochem. Biophys. Res. Commun.1983, 117, 479-485.
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71, 4546-4553.
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1988, 110, 7870-7872.
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1986, 208, 94-98.
(39) Lescrinier, E.; Esnouf, R.; Schraml, J.; Busson, R.; Heus, H.; Hilbers, C.;

Herdewijn, P.Chem. Biol.2000, 7, 719-731.

(40) Delaglio, F.; Wu, Z.; Bax, A.J. Magn. Reson.2001, 149, 276-281.
(41) Schwieters, C. D.; Kuszewski, J. J.; Tjandra, N.; Clore, G. M.J. Magn.

Reson.2003, 160, 65-73.
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Figure 3. (A) Chemical structure and (B) main torsion angles of the
cyclohexenyl nucleosides. (C) Important intraresidue NOE contacts in the
cyclohexenyl nucleoside.
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the NOE and dihedral restraints. The 25 lowest energy structures were
used for further refinement during the “gentle molecular dynamics”
round.

An analysis of the obtained 3D structure with the computer program
X3DNA was used to measure torsion angles and helix parameters.
Finally, some visual representations of the molecule were obtained with
Molscript 1.4 and Bobscript 2.4.43,44

2.6. Molecular Modeling. Pictures are generated using Bobscript,
Molscript, and Raster3d.43-45

2.6.1. Electrostatic Charges.Atomic electrostatic charges to be used
in the amber software package were calculated from the electrostatic
potential at the 6-31G* level using the package Gamess46 and the two-
stage RESP fitting procedure to account for the phosphate linkages.47

2.6.2. Amber Parameters.The force field parameters used in the
amber simulations are those from the parm99 dataset.48 Missing bond
and angle parameters were taken from comparable bonds or angles from
the AMBER force field. In particular, the parameters for the double
bond in the sugar moiety were added. The Mn2+ metal parameters were
also added.49 This metal ion is contained in a highly conserved metal-
binding site that anchors the 5′ nucleotide of the guide RNA.

2.6.3. Model Building.The modeling is based on the crystal structure
of a PIWI protein in complex with a small siRNA:mRNA duplex (pdb
structure file 2bgg)50 and the NMR structure of an 8-mer duplex of
CeNA:RNA (GCGTAGCG:CGCUACGC). This CeNA:RNA duplex
is known to have an A-RNA-like conformation. The PIWI-bound
siRNA:mRNA duplex was replaced by a CeNA:RNA duplex, by fitting
the base atoms (N9 for purine, N1 for pyrimidine) by Quatfit (Quatfit
program in CCL software archives). The CeNA strand was made to
correspond to the siRNA strand. CeNA:RNA basepairs C2:G15 to G6:
C11 have been fitted onto the central A-form helix part of the siRNA:
mRNA duplex (base pairs U2:A13 to C6:G9). The unpaired 5′ U1 of
mRNA was replaced by CeNA G1, and the unpaired end at the other
side of siRNA G7C8 was replaced by CeNA residues C7G8 (see
Supporting Information). The puckering of the 5′ CeNA nucleotide was
set to a South conformation. The amber molecular mechanics energy
of the system was minimized in the sander module of Amber 8.51

2.7. Cells.NIH 3T3 cells stably transfected with a plasmid containing
the humanmdr1 gene were a gift from M. M. Gottesman. The NIH
3T3-MDR cells were grown in Dulbecco Modified Eagles Medium
(DMEM-H) containing 10% Fetal Bovine Serum (FBS) and 60 ng/mL
colchicine. The multidrug resistant cell line MES-Sa/DX-5 was obtained
from the American Type Culture Collection; this uterine sarcoma
fibroblast expresses high levels of MDR-1 mRNA and P-glycoprotein.
The cells were grown in McCoy’s medium containing 10% FBS and
60 ng/mL colchicine. Both cell lines were grown in a humidified
atmosphere of 95% air and 5% CO2 at 37°C.

2.8. Treatment of Cells with siRNA Oligonucleotides.NIH 3T3-
MDR cells were cultured in 185 mm flasks to 95% confluency and
then seeded in 12-well plates at 4× 104 per well in 10% FBS/DMEM-H
and incubated overnight. Hybridization of the siRNA was done in
Dharmacon universal buffer by heating the solutions to 90°C in a
Perkin-Elmer PCR machine and then gradually cooling them to 30°C
for 30 min. Complexation of the double-stranded siRNA with the
cationic lipid Lipofectamine 2000 (Invitrogen) was done according to
the manufacturer’s standard procedure. The oligonucleotides bound to
cationic lipids were mixed in 10% FBS/DMEM-H and incubated with
cells at 37°C for 4 h; media was then removed and replaced with 2%
FBS/DMEM-H, and the cells were incubated an additional 68-72 h.
This technique, as well as those described below, is based on previous
studies from our group.52-54 The sequences of the siRNA oligonucle-
otides used are shown in Figure 2. Most of the work was done with
the sequence designated ORF1, while some experiments were done
with ORF2.

2.9. Cytotoxicity. NIH 3T3-MDR cells were treated with Lipo-
fectamine 2000 complexes of standard or chemically modified siRNA
oligos as described above. The cells were then replated onto new 12-
well plates and incubated overnight followed by the addition of various
concentrations of doxorubicin (Adriamycin) for 24 h. The drug and
control medium was then removed and replaced with fresh drug-free
2%FBS/DMEM-H, and the cells were incubated an additional 48 h.
Cells were then washed with PBS, harvested with trypsin-EDTA, and
resuspended in 1 mL of a complete medium. The final cell number
was enumerated by using an electronic particle counter (Particle Data,
Elmhurst, IL). The relative increase in cell number was calculated as
a percentage of untreated cells, and ID50 was determined by interpola-
tion of plotted data.

2.10. Immunostaining of P-Glycoprotein.The level of cell surface
expression of P-glycoprotein was studied by immunostaining using a
flow cytometry assay. After treating NIH 3T3-MDR cells with standard
or chemically modified siRNA complexes as described above, the cells
were washed with PBS, trypsinized, resuspended in a complete medium,
and washed again with PBS after centrifugation. The cells were counted
for normalization, diluted to 6× 105 total cells, and incubated with
17F9 (BD-Pharmingen) R-Phycoerythrin (R-PH)-conjugated mouse anti
human P-glycoprotein monoclonal antibody in PBS for 30 min at 4°C
and then washed 2 times in 10% FBS/PBS. The levels of immun-
ostaining by R-Phycoerythrin in viable cells (identified by light
scattering) were then quantified on a Becton Dickinson flow cytometer
using Cicero software (Cytomation, Fort Collins, CO).

2.11. Rhodamine 123 Accumulation.The fluorophore Rhodamine
123 is a substrate for the P-glycoprotein efflux pump; thus, Rhodamine
123 accumulation is often used as a surrogate for drug uptake.53 NIH
3T3-MDR cells were treated with complexed CeNA siRNA oligos as
described above. After 72 h the cells were trypsinized and suspended
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Figure 4. Visual representation of the structure closest to the average. The
green strand is drawn through the C1′ carbons of all ribonucleosides and
cyclohexenyl nucleosides. The purple strand interconnects the P atoms in
both strands.
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in 10% FBS/DMEM-H. The cells were washed once and resuspended
in a complete medium and warmed to 37°C before adding Rhodamine
123 (1µg/mL). After 1 h at 37°C, cells were washed once with cold
PBS and resuspended in PBS. The accumulation of Rhodamine 123
inside viable cells was measured by flow cytometry as described above.

2.12. RNA Extraction and Real-Time RT-PCR.Total RNA was
isolated using a Tri Reagent kit (Molecular Research Center, Inc), and
cDNA was synthesized from total RNA using an oligo-dT primer.
Primers (Oligonucleotide Synthesis Core Facility, University of North
Carolina) and probes (Integrated DNA Technologies, Santa Clara, CA)
were designed using Primer 4 software and were designed to span
exon-intron junctions. MDR1 probes were labeled at the 5′ end with
the reporter dye 5-carboxyfluorescein and at the 3′ end with the
quencher dye 5-carboxytetramethylrhodamine. The human glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) probe was labeled at the
5′ end with the reporter dye tetrachloro-6-carboxyfluorescein and at
the 3′ end with the quencher dye 5-carboxytetramethylrhodamine. For
MDR1, the sequences are as follows: probe, 5′-TCAGTAGCGATCT-
TCCCAGCACCT-3′; sense primer, 5′-GTCTGGACAAGCACTGAAA-
3′; antisense primer, 5′-AACAACGGTTCGGAAGTTT-3′. For human
GAPDH, the sequences are as follows: probe, 5′-CAAGCTTCCCGT-
TCTCAGCC-3′; sense primer, 5′-ACCTCAACTACATGGTTTAC-3′;
antisense primer, 5′-GAAGATGGTGATGGGATTTC-3′. PCR reac-
tions of cDNA samples and standards were performed with the use of
Platinum Quantitative PCR SuperMix-UDG (Invitrogen) in a total
reaction volume of 15µL. Real-time PCR was performed using the
ABI PRISM 7900 sequence detection system (Applied Biosystems,
Foster City, CA). The PCR conditions were 50°C for 2 min, 95°C
for 2 min, followed by 40 cycles of 95°C for 15 s and 56°C for 1.5
min. Standard curves were constructed with a PCR-II TOPO cloning
vector (Invitrogen) containing the same fragment as that amplified by
the Taqman system. The expression in each sample was calculated based
on standard curves generated for MDR1 or GAPDH. Samples were
normalized by dividing the copies of MDR1 by the copies of human
GAPDH.

2.13. Nuclease Stability.For nuclease stability experiments, un-
modified or CeNA modified siRNA duplexes were incubated either
with partially purified nucleases or with 10% FBS. Thereafter the
material was analyzed on 3% agarose/ethidium bromide gels in BPB/
XC loading buffer and electrophoresed at 100 V for 45 min, and residual
duplexes were imaged by ultraviolet illumination.

3. Results

3.1. Structure Determination by NMR spectroscopy of the
Ce(5′-GCGTAGCG-3′)/r(5′-CGCUACGC-3′) Duplex. To
investigate the structural characteristics of a CeNA:RNA duplex,
high-resolution NMR studies were undertaken. In previous
studies, it was shown that a cyclohexenyl nucleoside is a
flexible molecule that can adopt different conformations when
incorporated into different sequences. When incorporated in a
self-complementary DNA dodecamer with sequence d(5′-
CGCGA)c(A)d(TTCGCG-3′), a2H3 (N-Type) conformation of
the cyclohexenyl nucleoside was observed.5 In a modified DNA
duplex consisting of d(5′-GCG)Ce(T)d(GCG-3′) hybridized with
d(5′-CGCACGC-3′), the cyclohexenyl nucleoside was shown
to occur in a2H3 (S-Type) conformation.8 Here we wanted to
investigate the behavior of the cyclohexenyl nucleosides in a
CeNA:RNA duplex. The atom numbering, chemical structure,
and main torsion angles of the CeNA strand are defined in
Figure 3.

Using techniques as described in the Materials and Methods
section NMR spectra were recorded and assigned. Subsequently,
structural restraints were obtained. Various experimental results
show the formation of a stable A-like helix in the modified and

unmodified regions. The thermal stability of imino protons is
characteristic for stable base pairing in the central part of the
duplex that includes the modified site(s). Typical NOE interac-
tions of the base protons with a continuous aromatic-to-anomeric
and aromatic-to-aromatic proton walk could be observed
throughout the complete helix and are indicative of regular base-
stacking in an A-like helical structure. NMR spectroscopic
information about the duplex backbone indicates a regular A-like
conformation of the backbone. This duplex shows strong scalar
couplings between P and H3′ of the previous residue and
between P and H4′ of the next residue, and all phosphorus
resonances show regular chemical shifts.

To calculate the structure of the modified duplex we
performed torsion angle molecular dynamics37 followed by a
refinement of 25 selected structures using the NMR-derived
restraints in X-PLOR 3.851, as described in the Materials and
Methods section. During the structure calculation experimental
restraints were implemented to retain inter-proton distances,
backbone torsion angles, and sugar conformations. During
calculation, the structures converged to a family of structures
with similar geometry (Figure 4). Structure determination
statistics are listed in Table 1.

Inspection of the obtained structure shows that all the
cyclohexenyl nucleosides occur in a2H3 conformation (N-Type)
and that the overall helix structure is quite similar to an A-type
duplex although some slight differences can be observed. A
comparison of helix parameters and torsion angles of the RNA/
CeNA duplex under study and standard A- and B-type helices
can be found in Table 2.

It is clear that the helix parameters and torsion angles of the
duplex more closely resemble those of a standard A-type helix
than a standard B-type helix. It is however interesting to note
that the twist is slightly larger than that of an A helix (RNA/

Table 1. Structure Determination Statistics for Each Set of 25
Structures after Refinement with All Experimental Restraints and
Hydrogen Bonding between Base Pairs

all restraints

total energy (kcal mol-1) 123( 7.3
NOE violations (>0.5 Å) 0
dihedral violations (>5°) 0 ( 0
rmsd from distance restraints (Å) 0.017( 0.007
rmsd from dihedral restraints (deg) 0.143( 0.037
rmsd from average structure for

all heavy atoms (Å)
0.423( 0.120

Table 2. Backbone Torsion Angles and Helix Parameters of the
RNA/CeNA Duplex

A-DNA B-DNA CeNA strand RNA strand

R (deg) -50 -46 -72 -70
â (deg) -172 -147 -178 -183
γ (deg) 41 36 58 55
δ (deg) 79 157 78 86
ε (deg) -146 -205 -159 -156
ú (deg) -78 -96 -73 -67
ø (deg) -165 -98 -165 -170
bp-slide (Å) -1.75 -0.33 -1.59
bp-twist (deg) 31.5 35.8 32.2
h-rise (Å) 2.9 3.3 3.0
h-twist (deg) 31.1 36.1 33
inclination (deg) 12.0 2.4 9.1
x-displacement (Å) 4.10 0.8 3.8
minorgroove width (Å) 16.9 11.7 16.2
major groove width (Å) 12.3 16.9 11.3
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CeNA: 33; A-dsDNA: 31.1) and that the slide is decreased
(RNA/CeNA: -1.59 Å; A-dsDNA: -1.75 Å). In the con-
tinuum of nucleic acid structures the RNA/CeNA duplex is thus
situated between the A- and B-type helix, lying closer to the
A- than to the B-type helix.55,56 Deviation from the regular
A-type structure is most pronounced for theR and theγ torsion
angles. Although the duplex structure deviates from the A-form
in the direction of the B-form, the groove widths are still very
similar to that of the A-form of dsDNA.

3.2. Model Building. Figure 5A shows the model of the
CeNA:RNA duplex bound to the PIWI protein (pdb in Sup-
porting Information). A comparison of the Ligplot/HBPlus
analysis57-58 on both PIWI protein with bound siRNA:mRNA
and CeNA:RNA does not show major differences in the
interactions of the guide CeNA or RNA with the PIWI protein.
All H-bonds/ionic bonds present in the X-ray structure are also
present in the static model (Figure 5B). All specific interactions
are with the phosphate backbone, providing no sequence
specificity. The 2′-OH moieties present in siRNA but missing
in the CeNA strand show no specific interaction with any PIWI
residues. Although the six-membered sugar of CeNA is larger
than a five-ring ribose, the backbone of sugar rings linked with
phosphate groups is flexible enough to preserve an A-RNA-
type conformation needed for hybridization with the mRNA
(Figure 5C)

3.3. Biological Activity of CeNA Modified RNA Duplexes.
As a biological model we chose to down regulateMDR1, a gene
that is involved in cancer cell drug resistance. The gene product
is the P-glycoprotein (Pgp) that is expressed on the cell surface.
Pgp expression is monitored using a fluor-tagged anti-Pgp
monoclonal antibody and flow cytometry. The siRNA mimics
are transfected into the cells by standard means using Lipo-
fectamine 2000. The siRNA sequences utilized are shown in
Figure 2, with the sequence ORF1 used for most of the studies
below. We have introduced cyclohexenyl-A and cyclohexenyl-G
nucleotides in the sense and in the antisense strands of ORF1
at different locations (except the 5′-end of the antisense strand).
A single cyclohexenyl nucleoside was incorporated at the 5′-
end of the sense strand (oligonucleotide 2176) and at nucleotide
position-6 (2177),-10 (2178),-17 (2179), and-18 (2181)
of the sense strand (counting from the 5′-end). In the antisense
strand, a modification was introduced at the-2 (2185),-4
(2186),-8 (2183) positions (counting from the 3′-end and not
including the dTdT overhang). In three examples, two cyclo-
hexenyl nucleosides were incorporated in the same sequence
(2180 and 2182 of the sense oligonucleotide, and 2184 of the
antisense oligo). The synthesized modified RNAs are given in
Table 3.

In initial experiments, duplexes of CeNA modified oligo-
nucleotides were formed with the complementary unmodified
RNA and used as siRNAs at 50 nM. The percentage P-
glycoprotein reduction was measured as described in Materials
and Methods and compared with unmodified siRNA. In previous
experiments we have shown that mismatched or “irrelevant”
siRNAs do not affect P-glycoprotein expression levels.54 The

(55) Lescrinier, E.; Froeyen, M.; Herdewijn, P.Nucleic Acids Res.2003, 31,
2975-2989.

(56) Nauwelaerts, K.; Lescrinier, E.; Herdewijn, P.Chem.sEur. J. 2007, 13,
90-98.

(57) Wallace, A. C.; Laskowski, R. A.; Thornton, J. M.Protein Eng.1995, 8,
127-134.

(58) McDonald, I. K.; Thornton, J. M.J. Mol. Biol. 1994, 238, 777-793.

Figure 5. (A) Model of a CeNA:RNA guide:target duplex bound to a PIWI
protein. The CeNA has CPK colors, mRNA is colored yellow, and the
divalent metal Mn2+ is shown as a red ball. (B) Close-up of the interactions
between the CeNA strand (green) and the PIWI protein. The Mn2+ metal
is shown as a yellow sphere. Hydrogen bond interactions are represented
as dotted lines. The mRNA is shown in yellow. (C) Overlay of CeNA
(5′GCGTAGCG3′) (model) and guide RNA (5′GCGUAGCG3′) (X-ray
structure, blue-green).
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current results are given in Figure 6A. All CeNA containing
duplexes show similar or increased biological activity when
compared to the unmodified duplexes. This is most striking for
duplexes containing the cyclohexenyl nucleoside in the middle
section of the sense sequence (2177, 2178, 2179) and the
antisense sequence (2183, 2186). Modifications in the end
regions (2176, 2180, 2182, 2185) of both strands do not have
a beneficial effect on the siRNA activity. 3′-end modification
with cyclohexenyl nucleoside seems to be better accommodated
in the sense sequence (2181) than in the antisense sequence
(2185). Two oligonucleotide duplexes were selected for dose-
response studies, one with a modified nucleoside in the sense
sequence (2179) and another with the modified nucleoside in
the antisense sequence (2186). The antisense modified siRNA
shows increased efficacy while the sense modified siRNA
became more efficacious at higher concentrations (data not
shown).

Next, we examined whether the effect of modification of
siRNA with cyclohexenyl nucleic acids is additive with
modifications in both strands (Figure 6B). Equivalents of the
G-modified RNAs 2179 and 2183 and the A-modified RNAs
2181 and 2186 were used for duplex formation. Also modified
A/G mixed siRNAs were obtained by duplex formation between
oligonucleotides 2179 and 2186, and 2181 and 2183. In all cases,
the biological efficacy increased by about 2-fold (at 50 nM
siRNA concentration) when compared with unmodified double-
stranded RNA. Dose-response curves of two of these duplexes
are shown in Figure 7.

In addition to studies on MDR-3T3 cells, a limited number
of studies were carried out on drug-resistant human DX-5 cells.
Here too an improved inhibition of P-glycoprotein expression
was noted with the CeNA modified siRNAs. For example, where
the unmodified siRNA at 50 nM resulted in an 11% reduction,
the 2179/2183 CeNA compound gave a 29% reduction. Further,
to ensure that the observed effects were not artifacts of a specific
siRNA, we targeted MDR1 with a completely distinct sequence

(ORF2, Figure 2) and examined effects of both unmodified and
CeNa modified siRNAs having this sequence in MDR-3T3 cells.
As seen in Table 4, at 50 nM CeNA modified ORF2 siRNAs
consistently provided moderately enhanced suppression of
P-glycoprotein expression as compared to the unmodified ORF2
siRNA.

The duplex 2179/2183 was also used to demonstrate that the
reduction in P-glycoprotein expression is paralleled by a
decrease in mRNA concentration. Total RNA was extracted
from cells and quantified by real-time PCR. As can be observed
in Figure 8A, the siRNAs with modifications in both strands
indeed produce the greatest effect, similar to the results on
protein expression.

Since P-glycoprotein expression leads to increased drug efflux
and resistance against antitumor drugs, we evaluated whether
the inhibition of P-glycoprotein expression results in a parallel
increase in cytotoxic activity of such drugs, and if the inhibition
of P-glycoprotein expression will result in increased accumula-

Table 3. Modified Oligonucleotides That Were Used in the siRNA
Experimenta

entry sense oligonucleotide
MS

calcd
MS

found

ORF1
2176 5′-G*UAUUGACAGCUAUUCGAAdTdT-3′ 6645.9 6646.3
2177 5′-GUAUUG*ACAGCUAUUCGAAdTdT-3′ 6645.9 6646.4
2178 5′-GUAUUGACAG*CUAUUCGAAdTdT-3′ 6645.9 6646.5
2179 5′-GUAUUGACAGCUAUUCG*AAdTdT-3′ 6645.9 6646.2
2180 5′-GUA* UUGA* CAGCUAUUCGAAdTdT-3′ 6640.0 6640.1
2181 5′-GUAUUGACAGCUAUUCGA* AdTdT-3′ 6645.9 6646.2
2182 5′-G*UA* UUGACAGCUAUUCGAAdTdT-3′ 6640.0 6640.3

ORF2
2481 5′-GAACUCUUAGCGUAUGCA* AdTdT-3′ 6645.0 6645.5
2482 5′-GAACUCUUA* GCGUAUGCA* AdTdT-3′ 6645.0 6645.6

entry antisense oligonucleotide
MS

calcd
MS

found

ORF1
2183 5′-UUCGAAUAGCUG*UCAAUACdTdT-3′ 6605.9 6606.3
2184 5′-UUCGAAUAGCUG*UCAAUA* CdTdT-3′ 6600.0 6600.6
2185 5′-UUCGAAUAGCUGUCAAUA* CdTdT-3′ 6606.0 6606.6
2186 5′-UUCGAAUAGCUGUCAA* UACdTdT-3′ 6606.0 6606.6

ORF2
2483 5′-UUGCAUACGCUAAGA* GUUCdTdT-3′ 6621.9 6622.5
2484 5′-UUGCAUA* CGCUAAGAGUUCdTdT-3′ 6621.9 6622.6

a Cyclohexenyl nucleotides are indicated in bold with asterisk.

Figure 6. (A) Screen for siRNA effects on P-glycoprotein expression. NIH
3T3-MDR cells were treated with Lipofectamine 2000 and 50 nM
unmodified or CeNA modified ORF1 siRNA. Cell surface P-glycoprotein
expression in viable cells was evaluated by immunostaining and flow
cytometry as described in Materials and Methods. The percentage reductions
in P-glycoprotein expression were calculated on the basis of the fraction of
the cell population shifted to greater than 1 standard deviation below the
mean of the untreated controls. The mean and standard errors shown are
derived from 3 experiments. Positions of CeNA modifications are indicated.
(B) Effects of doubly modified siRNA on P-glycoprotein expression. NIH-
3T3-MDR cells were treated with 50 nM CeNA modified or unmodified
ORF1 siRNA duplexes, and cell surface P-glycoprotein expression in the
viable cells were evaluated by flow cytometry. The mean and standard errors
shown are derived from 3 experiments. Positions of CeNA modifications
are indicated.
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tion of substrate molecules in the cell. These results are shown
in Figure 8B and C. The cells were first transfected with the
unmodified, single modified (2186) and double modified (2179/
2183) siRNA. After pretreatment with the siRNA, the cytotoxic
effect of the antitumor drug doxorubicin (Adriamycin) was
measured. Pretreatment with siRNA leads to an increase in the
cytotoxicity of doxorubicin (Adriamycin) (a left shift of the
dose-response curve), with the modified siRNA being more
active than the unmodified siRNA. Rhodamine 123 is a
fluorophore that is a good substrate for P-glycoprotein; thus
Rhodamine 123 accumulation provides a convenient index of
P-glycoprotein transport activity.53 A parallel experiment mea-
suring Rhodamine 123 uptake confirms the cytotoxicity data,
i.e., that cells treated with CeNA modified siRNA are able to
accumulate more Rhodamine 123 than ones treated with
unmodified siRNA (Figure 8C).

As one potential contribution to the increased biological
activity of CeNA modified siRNAs we have investigated their
stability to nucleases. As seen in Figure 9, even introduction of
a single CeNA unit in siRNA considerably increases stability
to both purified nucleases and to the nucleases in serum.

Discussion

In the search for oligonucleotides that can be used as RNA
mimics, we have designed cyclohexenyl nucleic acids (CeNA)
and have proven that CeNA forms stable duplexes with RNA
and DNA.3 When incorporating CeNA units in double-stranded
DNA, we have demonstrated that the cyclohexenyl nucleoside
can adopt different conformations (N-type and S-type) dependent
on the number of incorporated cyclohexenyl residues, their
location in the duplex, and the sequence of the duplex.5,8 This
shows that CeNA is not a highly conformational preorganized
oligonucleotide but that it has some flexibility that might be

important when being considered as a potential RNA mimic.
Structural analysis of a natural nucleic acid duplex with one or
two modified monomers incorporated gives detailed information
about the conformation of the modified nucleoside (when present
in a regular duplex) but will not give information about the
duplex geometries of fully modified oligonucleotides that might
be very useful in structure-activity relationship studies. There-
fore, an NMR study was undertaken for a Ce(5′-GCGTAGCG-
3′)/r(5′-CGCUACGC-3′) duplex. It is clear from this study that
all the cyclohexenyl nucleosides occur in an N-type conforma-

Figure 7. Dose-response effects of doubly modified siRNA on P-
glycoprotein in NIH 3T3-MDR cells. Various concentrations of CeNA 2181/
2183 and 2181/2186 modified duplex oligonucleotides were compared to
unmodified ORF1 siRNA. Cell surface P-glycoprotein expression was
measured by flow cytometry. The graph represents the mean and standard
deviation of 3 measurements.

Table 4. Effects of ORF2 siRNAs on P-Glycoprotein Expression

oligonucleotides
percent reduction in

Pgp expression

unmodified ORF2 44( 4
2481/2483 54( 1
2481/2484 64( 0.4
2482/2483 57( 3
2482/2484 57( 3

Figure 8. Real-time PCR analysis. MDR1 mRNA levels in NIH-3T3-MDR
cells treated with 50 nM unmodified (siRNA control) or CeNA modified
ORF1 siRNAs were quantified by real-time PCR. Values were normalized
with those of GAPDH and expressed as a fold change over untreated cells.
The graph represents the mean and standard deviation of 2 measurements.
(B) Effects of CeNA siRNA on antitumor drug toxicity. NIH 3T3-MDR
cells were transfected with unmodified ORF1 siRNA, modified oligo 2179,
or modified duplex oligo 2179/2186 for 4 h and then grown for 72 h in 2%
FBS DMEM-H. The cells were then exposed for 24 h to various
concentrations of Adriamycin (doxorubicin). After a further 48 h in drug-
free 2% FBS/DMEM-H medium, cell numbers were determined using a
particle counter and the results were expressed as percent growth of the
untreated control. (C) Effects of CeNA siRNACeNA oligos on Rhodamine
123 accumulation. NIH 3T3-MDR cells were treated with 50 nM unmodified
or CeNA modified siRNA. Values of Rhodamine 123 uptake were measured,
with the 100% level taken as that for untreated NIH 3T3-MDR cells. Mean
and standard errors of 3 determinations are shown.
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tion and that the overall structure is similar (but not identical)
to an A-type duplex. A major question is whether the small
deviation of the CeNA:RNA duplex from an RNA:RNA duplex
is important for recognition of this duplex by the Argonaute
protein, an issue which was investigated by molecular modeling
using RNA as (target) a sense strand and CeNA as an antisense
strand.

The PIWI domain of the Argonaute protein is an RNase H
domain.59,60The crystal structure of the PIWI protein in complex
with dsRNA, which mimics the 5′-end of an antisense RNA
strand bound to the target mRNA, has been described.50 This
structure has been used as a model to investigate the binding
fit between the PIWI protein and a CeNA:RNA duplex. An
excellent fit in the energy minimized model has been observed
between the geometries of dsRNA and the CeNA:RNA struc-
ture, as determined by NMR. All interactions between the
dsRNA and the PIWI protein have also been observed for the
CeNA:RNA duplex (Figure 6B). The model also confirms that
the 2′-OH group of the guide oligonucleotide strand is not
needed for binding to the protein. Structurally speaking, the
CeNA:RNA duplex is a mimic of an RNA:RNA duplex and is
most probably also recognized by proteins that recognize the
RNA duplex.

A property that cannot be studied accurately by model
building is whether CeNA can be considered as a functional
mimic of RNA. Therefore, we have evaluated the influence of
incorporation of CeNA nucleotides in an RNA duplex for siRNA
applications, focusing on inhibition of theMDR1 multidrug
resistance gene as a target. Overall our experiments indicate

that CeNA modifications are well-tolerated and for the most
part provide moderate enhancements of activity over conven-
tional siRNAs, as monitored by a reduction in expression of
P-glycoprotein, theMDR1 gene product. This is most pro-
nounced when CeNA modifications are introduced in the middle
sections of the duplex of either the sense or antisense strand.
More interesting, however, is the additive effect of introduction
of single CeNA modifications in both strands of the RNA
duplex. Real-time PCR analysis demonstrates a specific decrease
in MDR1 mRNA that parallels the observed reduction in
P-glycoprotein expression. The introduction of CeNA modifica-
tions in the anti-MDR1 siRNA also results in increased changes
in biological activity, including Rhodamine123 uptake and
doxorubicin (Adriamycin) sensitivity, that closely parallel the
effects on P-glycoprotein levels. Thus the CeNA modified
oligonucleotides have good potential as biologically active
siRNAs.

It is not obvious why the CeNA modifications have a
generally beneficial effect on siRNA function. It seems unlikely
that overall changes in helix stability are involved since the
effect of a single CeNA substitution is small. One of the reasons
for the increased biological activity might be the increased
stability of the CeNA-containing duplexes to serum and cellular
nucleases. We found that introduction of a even single CeNA
unit in the siRNA increased the enzymatic stability considerably.
This increased stability may be one aspect of the biological
effectiveness of CeNA modified siRNAs. However, there may
be other factors involved, such as the shape and flexibility of
the helix in the region of the CeNA modifications. Elucidation
of the mode of action of fully and partially modified CeNA
siRNAs will be the subject of further research.

In summary, when forming a duplex with RNA, CeNA
demonstrates an A-type structure that deviates from the classical
A-form dsRNA in twist, inclination, andx-displacement. A
model demonstrates that the CeNA can replace RNA as the
antisense guide strand in a PIWI-dsRNA duplex. The small
deviations in the helix parameters do not prevent CeNA from
being a functional RNA mimic. Rather, incorporation of CeNA
units in the sense or antisense strand of siRNA targeting
P-glycoprotein expression leads to significant increases in the
biological effect.
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Figure 9. CeNA siRNA stability to Nucleases. (A) Oligonucleotides were
incubated with pancreatic RNase or with fetal calf serum 10%. Pancreatic
RNase incubations were 15’, 30’, 45’; 10% serum incubations were 12,
24, 72 h, all at room temperature. Residual intact oligonucleotide was
resolved by gel electophoresis with ethidium bromide staining. Lanes 1-3,
Load standard (90% degradation, 50% degradation, full load); lanes 4-6,
S/AS unmodified ORF1 siRNA; lanes 7-9, 2179/AS siRNA; lanes 10-
12, S/2183 siRNA; lanes 13-15, 2179/2183 siRNA. (B) Oligonucleotides
were incubated with micrococcal nuclease for 30 min at 37°C and analyzed
as above. Lanes 1-3, unmodified siRNA, 2183, 2179/2183, no enzyme;
lanes 4-6, unmodified siRNA, 2183, 2179/2183, 11 uµ/mL nuclease; lanes
7-9, unmodified siRNA, 2183, 2179/2183, 22µg/mL nuclease; lanes 10-
12, unmodified siRNA, 2183, 2179/2183, 33µg/mL nuclease.
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