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ABSTRACT. Phosphorothioate deoxyribonucleotides (PS-DNA) are among the most widely used antisense
inhibitors. PS-DNA exhibits desirable properties such as enhanced nuclease resistance, improved
bioavailability, and the ability to induce RNase H mediated degradation of target RNA. Unfortunately,
PS-DNA possesses a relatively low binding affinity for target RNA that impacts on its potency in antisense
applications. We recently showed that phosphodiester-linked oligonucleotides comprisestkoky-2-
fluoro-p-arabinonucleic acid (FANA) exhibit both high binding affinity for target RNA and the ability to
elicit RNase H degradation of target RNA [Damha et al. (1928\m. Chem. Soc. 1202976]. In the
present study, we evaluated the antisense activity of phosphorothioate-linked FANA oligonucleotides
(PS-FANA). Oligonucleotides comprised entirely of PS-FANA were somewhat less efficient in directing
RNase H cleavage of target RNA as compared to their phosphorothioate-linked DNA counterparts, and
showed only weak antisense inhibition of cellular target expression. However, mixed-backbone oligomers
comprised of PS-FANA flanking a central core of PS-DNA were found to possess potent antisense activity,
inhibiting specific cellular gene expression with &@alues of less than 5 nM. This inhibition was a true
antisense effect, as indicated by the dose-dependent decrease in both target protein and target mRNA.
Furthermore, the appearance of MRNA fragments was consistent with RNase H mediated cleavage of the
MRNA target. We also compared a series of PS-[FANA-DNA-FANA] mixed-backbone oligomers of
varying PS-DNA core sizes with the corresponding®2methyl oligonucleotide chimeras, i.e., PS-
[2’meRNA-DNA-ZmeRNA]. Both types of oligomers showed very similar binding affinities toward target
RNA. However, the antisense potency of the&methyl chimeric compounds was dramatically attenuated
with decreasing DNA core size, whereas that of thiudroarabino compounds was essentially unaffected.
Indeed, a PS-FANA oligomer containing a single deoxyribonucleotide residue core retained significant
antisense activity. These findings correlated exactly with the ability of the various chimeric antisense
molecules to elicit RNase H degradation of the target RNA in vitro, and suggest that this mode of inhibition
is likely the most important determinant for potent antisense activity.

Antisense oligonucleotides (AONshre rationally de- are designed to hybridize to a specific sequence of a given
signed modulators of gene expression with applications in mRNA target through WatserCrick base-pairing interac-
functional genomics, drug target validation, and human tions, thereby interfering with expression of the encoded pro-
therapeuticsi—4). AONSs are short synthetic oligomers that tein. An ideal antisense molecule should possess chemical
stability and nuclease resistanegaroperties favorable for cell
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weQ Base O Base compounds, the potencies of theflioroarabino chimeras
\Ey Sj: were not limited by the size of the DNA core. Our results
. indicate that antisense-directed RNase H degradation of the
target RNA is the single most important determinant for the

A \
0=P-0 Base 0=P-Q Base gene-specific inhibitory potency of an antisense oligonucle-
°s \F -s o7k otide.
z MATERIALS AND METHODS

of}“o O=\f"oﬁk Oligonucleotide SynthesiBluoroarabinonucleoside mono-
S ‘S mers were synthesized as previously describEs). (PS-
FANA and PS-[FANA-DNA-FANA] chimeras were syn-
FiGure 1: Structures of PS-FANA and PS-DNA. thesized on a kmol scale using an Expedite 8909 DNA

) i , synthesizer. Long-chain alkylamine controlled-pore glass
Phosphorothioate DNA (PS-DNA) oligonucleotides have (LCAA-CPG) was used as the solid support. The synthesis

many properties important for antisense use, and are amongy cje consisted of the following steps: (a) Detritylation of
the most widely used type of AON molecule. This wide- ,cjeoside/tide bound to CPG (3% trichloroacetic acid/
spread use stems from their ability to support RNase gichioromethane), 150 s: (b) coupling dfR-arabinonucleo-
H-assisted hydrolytic cleavage of target RNR €); how- side or 2-deoxyribonucleoside 'ghosphoramidite mono-
ever, this activity is somewhat impaired due to their lower mers, 15 min: the concentrations of monomers used were
binding affinities. Accordingly, much effort in antisense g mg/mL for araF-T, araF-C, and DNA monomers, and 60
development has been directed at developing new AON o/ for araA and araF-G (acetonitrile as solvent): (c)
structures Wlth. |mprove_d_ b|r_1d|ng affinity for target RNA. acetylation using the standard capping step, 20 s: the capping
AONs possess_lng'z’tnodlﬁcathns of the sugar moiety have ¢ tion consisted of 1:1 (vIv) of “cap A” and “cap B’
received considerable attention. For exampleOzalkyl reagents (cap A: acetic anhydride/collidine/THF, 1:1:8; cap
RNA shows dramatic increases in binding affinity to target g. N-methylimidazole/THF, 4:21); (d) extensive washing
RNA compared to PS-DNA and even to phosphodiester- it acetonitrile (50 pulses); (e) sulfuration with a fresh
linked DNA and RNA 6, 7). Unfortunately, 2O0-alkyl RNA solution of 0.2 M 3-1,2-benzodithiol-3-one in acetonitrile,
does not elicit RNase H degradation of target RI8j which 10 min; (f) washing with acetonitrile, 20 pulses; (g) drying
limits its usefulness as an antisense agent. of the solid support by addition of the capping reagent (see
Current an}i;ense technology invo!ves mixed-backbone step 3), 5 s; (h) washing with acetonitrile (20 pulses).
AONs comprising 20-alkyl RNA flanking a central DNA Following chain assembly, oligonucleotides were cleaved
core. These “chimeric” AONs can be potent inhibitors, since from the solid support and deprotected as previously
they form stable duplexes with RNA and exhibit nuclease gescribed 15). The crude oligomers were purified by either
resistance via the'2-alkyl RNA “wings” at the 3- and  (3) preparative gel electrophoresis (24% acrylamide, 7 M
5'-ends of the moleculg; they also elicit RNase H degradation urea) followed by desalting (Sephadex G-25) or (b) anion-
of the target RNA via the central DNA cored<{13). exchange HPLC followed by desalting (SepPak cartridges);
Nonetheless, these AONs are less than ideal, since efficientyie|ds, 5-30 Ay, units. Conditions for HPLC purification
RNase H cleavage of target RNA requires a DNA core of at \yere as follows: column, Protein Pak DEAE-5PW (7.5 mm
least eight nucleotides. x 7.5 cm, Waters); solvents, buffer A: ,8, buffer B: 1 M
Recently, we showed that the stereochemistry at the 2 NaClQy; gradient, 100% buffer A isocratic for 12 min, 100%
position of the sugar of antisense oligonucleotides is a key A to 15% B, linear (over 5 min), 15% B to 55% B, linear
determinant in the target RNA binding affinity and the (over 60 min); flow rate, 1 mL/min; temperature, 5D. The
activation of RNase H1(4—17). We demonstrated that both  detector was set at 260 nm for analytical and at 290 nm for
arabinonucleic acid (ANA), the'pimer of RNA, and the  preparative chromatography. Under these conditions, the
corresponding "2deoxy-2-fluoro-p-arabinonucleic acid ana-  desired full-length oligomer eluted last.
logue (FANA, Figure 1) form hybrids with RNA, and are Phosphorothioated DNA (PS-DNA) and PSH2RNA-
able to induce RNase H degradation of the target RIN). ( DNA-2'meRNA] chimeras were obtained commercially from
While ANA has only relatively weak binding affinity foran  the University of Calgary DNA Synthesis Laboratory (Cal-
RNA complement 15), FANA/RNA hybrids exhibit high gary, ALTA). They were purified (HPLC) and desalted
thermal stabilities 14, 1§. FANA represents the first  (SepPak cartridges) as described above. The base sequence
example of a fully 2modified nucleic acid that both has and hybridization properties of the various oligonucleotides
high-affinity RNA binding and can retain RNase H cleavage synthesized are given in Table 1. This antisense sequence
properties, suggesting that FANA may demonstrate potent(ATA TCC TTG TCG TAT CCC) is complementary to a
intracellular antisense activity. coding region of luciferase mMRNA sequencel(56 to
The present report describes the antisense characteristics-1073; where the published transcriptional start site is
of oligonucleotides based on phosphorothioate FANA (PS- assigned ast1) (18). To demonstrate a specific antisense
FANA), and of mixed-backbone (chimeric) AONs of the effect, a random sequence, CAT CTACGC TAC GTT TCT
general structure PS-[FANA-DNA-FANA]. The latter were (PS-FANA), and a homopolymeric thymidine (18-mer) with
found to have exceptionally potent antisense activity. The 10 2-deoxy-dT flanked by four araF-T, i.e., araF-(TTTT)-
antisense activities of the'-Buoroarabino chimeras were d(TTTTTTTTTT)-araF(TTTT), were also synthesized.
sequence-specific and mediated by intracellular RNase H Measurement of CD Spectra and Melting Temperatures
(human). Importantly, unlike '20-methylribose chimeric ~ of Antisense/RNA HybriddJV thermal denaturation data
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Table 1: Biophysical and Biological Properties of Phosphorothioate
Antisense Oligonucleotidés

DNA Tm ECsd
ID no. oligomer sequence gap size (°C)° ket (NM)
PS-DNA
1 ATATCCTTGTCGTATCCC 0 62 1.00 150
PS-FANA/Deoxy Chimeras
2 ATATCCTTGTCGTATCCC 0 72 0.20 >500
3 ATATCCTTGTCGTATCCC 1 70 0.36 150
4 ATATCCTTGTCGTATCCC 4 69 0.32 10
5 ATATCCTTGTCGTATCCC 6 67 091 5
6 ATATCCTTGTCGTATCCC 8 64 1.75 5
7 ATATCCTTGTCGTATCCC 10 64 1.82 15
2'-meRNA/Deoxy Chimeras
8 AUAUCCUUGTCGUAUCCC 4 72 0.001 >500
9 AUAUCCTTGTCGUAUCCC 6 67 0.23 >500
10 AUAUCCTTGTCGTAUCCC 8 68 0.87 25
11 AUAUCCTTGTCGTAUCCC 10 66 1.65 15

a2The AON sequence is complementary to a coding regiet056
to +1073) of luciferase mRNA. '2Deoxyribonucleotide residues are
underlined? Ty, melting temperature of the AON/RNA dupleXRela-
tive rate ofE. coli RNase H mediated degradation of an 18 nt target
RNA when duplexed to the AON (relative to rate observed for
PS-DNA/RNA hybrid duplex). Data given are average values obtained
from three independent experiments. Standard deviations #/896.
d Concentration of AON required to provide 50% inhibition of
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2 units of RNA guard RNase inhibitor (Amersham Pharmacia
Biotech, Piscataway, NJ), then heated at°@for 2 min

and slowly cooled to room temperature to allow duplex
formation. The substrate solutions were further incubated for
at leas 1 h at 37°C prior to initiation of the assay by the
addition of 0.1 nM purifiecE. coliRNase H1. Aliquots were
removed at various times and quenched by the addition of
an equal volume of denaturing loading buffer (98% deionized
formamide, 10 mM EDTA, 1 mg/mL bromophenol blue, and
1 mg/mL xylene cyanol). Reaction products were denatured
by heating at 100C for 5 min, followed by electrophoretic
resolution on 16% polyacrylamide sequencing gels contain-
ing 7 M urea and visualization by autoradiography. Product
formation was quantified by densitometry.

Effect of Antisense Oligonucleotides on Cellular Gene
ExpressionThe HelLa X1/5 cell line (European Collection
of Cell Cultures, Salisbury, U.K.) is stably transfected with
the luciferase gene and expresses a functional luciferase
enzyme R0, 2J). Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). Cells were seeded either in 96-well
plates [at (1.52) x 10 cells/well] or in 6-well plates (at 5
x 10 cells/well). Antisense experiments were carried out

intracellular luciferase expression. Data given are average values24 h after seeding, by which time cells were 80% confluent.

obtained from two independent experiments.

were obtained on a Varian Cary 1 UWis spectrophotom-
eter equipped with a Peltier temperature controller. Molar
extinction coefficients for FANA oligomers were calculated

Oligonucleotides were delivered to the cells using cytofectin
GSV GS3815 (Glen Research, Sterling, VA21( 22
according to the manufacturer's protocol. Briefly, oligo-
nucleotides and cytofectin GSV were diluted with DMEM
without serum to a 1R final concentration and 2bg/mL,

using the nearest-neighbor approximation, and were assumedespectively. Equal volumes of oligonucleotide and cytofectin

to be the same as those of DNA strand$)( Oligomers
were mixed in equimolar ratios in 140 mM'K1 mM Mg?*,
and 5 mM NaHPQ, buffer, pH 7.2. The total duplex
concentration was ca. M. Samples were heated to 80

solutions were mixed in polystyrene plastic tubes and
incubated for 15 min at room temperature, followed by the
addition of 5 volumes of DMEM containing 10% FBS. The

cell culture medium was replaced with the oligonucleotide/

90 °C for 15 min, then cooled slowly to room temperature, cytofectin mixture, and cells were incubated for 24 h before
and stored at 4C overnight before measurements. Absor- analysis. Cell viability was assessed following exposure to
bance values were recorded after equilibration as the tem-antisense oligonucleotides using a colorimetric XTT forma-

perature was increased by O°® increments at 1 min
intervals. T, values were calculated using the baseline
method and generally have an uncertaintyt@f.5 °C.

CD spectra were collected at ¥ on a Jasco J-710

zan dye assay.

Assay for Luciferase Actity. Luciferase activity assays
were performed using the luciferase assay system (Promega,
Madison, WI) according to the manufacturer's protocol.

spectropolarimeter at a rate of 100 nm/min using fused quartzBriefly, following exposure to antisense molecules, cells were
cells. Measurements were carried out in 140 mM KmM washed with phosphate-buffered saline and lysed, and
Mg?*, and 5 mM NaHPQ, buffer, pH 7.2, at a duplex aliquots were mixed with luciferin substrate solution. The
concentration of %M. resulting luminescence was immediately measured using a
Purification of E. coli RNase H1. E. cdiL21 (DE3) pLys SPECTRAmMax GEMINI XS microplate spectrofluorometer
cells transformed with plasmid pET-2tchA, which con-  (Molecular Devices, Sunnyvale, CA) set at luminescence
tains the RNase H genenhA) of E. coli, were induced to ~ reading mode.
overproduce RNase H with 1 mM isoprop§ithiogalacto- Determination of Luciferase Protein Expressidtiquots
pyranoside (IPTG). The plasmid was a gift from Dr. J. of X1/5 cell lysates were centrifuged, and the protein content
Gaspar (University of Waterloo). Cell pellets were suspended of individual samples was measured using Bio-Rad protein
in 50 mM Tris, pH 7.9, 0.2 M KCI, 5 mM MgGl 0.1 mM assay reagents (Bio-Rad, Hercules, CA). Equivalent amounts
EDTA, 1 mM 2-mercaptoethanol, and lysed by addition of of total cell protein (1Qug) were resolved by SDSPAGE,
Nonidet P40 (NP-40), a nonionic surfactant. The RNase H and then transferred to nitrocellulose. Luciferase protein
in the soluble fraction was purified as described previously |evels were determined by immunoblot analysis using a goat
(19). anti-luciferase antibody (Chemicon International, Inc., Te-
In Vitro RNase H1 Assay3o prepare substrates for RNase mecula, CA) and horseradish peroxidase-conjugated rabbit
H assays, the antisense oligonucleotide (10 pmol) arld a 5 anti-goat IgG (Chemicon International, Inc.). Immunoblots
32P-labeled complementary RNA target (5 pmol) were mixed were visualized using the Renaissance Western blot Chemi-
in a buffer (50uL final) containing 60 mM TrisHCI (pH luminescence Reagent Kit (NEN Life Sciences, Boston, MA)
7.8), 60 mM KCI, 2.5 mM MgC, 2 mM dithiothreitol, and according to the manufacturers’ instructions.
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Determination of Luciferase mRNA Expressidrotal conformation of the duplex structure. Therefore, a compari-
RNA from X1/5 cells was isolated, and luciferase mMRNA son was made between the CD spectra of chimeric hybrids
levels were determined by Northern blot analysis according containing 2-fluoroarabinose and the analogous hybrids
to standard method&3®). Briefly, equivalent amounts of total  having 2-O-methylriboses (Figure 2A). An intense positive
RNA (20 ug) were size-fractionated on 1% agarose gels CD band around 260 nm, a band of low intensity at 225
containing 2.2 M formaldehyde, and then transferred to nm, and a strong negative band around 210 nm characterize
nitrocellulose membranes. Luciferase mRNA was probed the CD spectra of AON/RNA hybrids containing thé 2
with 32P-internally-labeled DNA generated using an oligo- fluoroarabino modifications. The positive band at 260 nm
labeling kit (Amersham Pharmacia Biotech, Piscataway, NJ) shifts slightly to longer wavelength with decreasing DNA
and plasmid pGEM-Luc (Promega, Madison, WI) which gap size (Figure 2A). The overall spectral features very
contains full-length firefly luciferase cDNA. Radioactive closely resemble those of A-form pure RNA/RNA duplexes.
signals were detected by autoradiography and quantified bySince the CD spectra are all very similar, we conclude that
densitometry. As an internal control for RNA loading, the all complexes have the same (A-like) geometry irrespective
membranes were stripped with boiling 1% SDS and then of the DNA gap size. This observation is consistent with
rehybridized with a probe for glyceraldehyde-3-phosphate the notion that 2fluoroarabinonucleotides are structurally

dehydrogenase (GAPDH). and conformationally similar to the native-@eoxyribo-
nucleotide units17, 24 and so would not expect to perturb
RESULTS the overall macromolecular architecture to any appreciable

. . ) degreee. Indeed, recent NMR structure analysis carried out
_To evaluate the a_b|I|'gy_of’Qdeoxy-2—f|uorqaraplnonuclelc on FANA/RNA and DNA/RNA hybrids revealed a strong
acids (FANA) to inhibit gene expression in cells, we resemplance in terms of both the helical geometry (minor
synthesized phosphorothioate oligomers comprised solely Ofgroove width) and the sugar puckefs7), In contrast, the
2-deoxy-2-fluoroarabinonucleotides (PS-FANA) as wellas  ~p spectra of the AON/RNA hybrids formed by@-methy
chimeras containing both'-Zleoxy-2-fluoroarabinonucle-  cpimeric compounds are less alike (e.g., note amplitude
otides and 2deoxyribonucleotides, i.e., PS-[FANA-DNA- - cpanges at 264 nm), indicating that their respective struc-
FANA] (Table 1). All oligomers were tested for hybridization tures are more dependent on the length of the DNA core
affinity (T, measurements), ability to direct target RNA (e.g., 4 deoxy versus 10 deoxy core size; Figure 2B). This
cleavage by bacterial RNase H, and antisense activity in g expected given that'2leoxyribonucleotides are char-

cultured human X1/5 cells. acterized by C204-endo sugars while 20-methylribo-
Stability and Helical Conformation of AON/RNA Chimeric nucleotides are characterized by d-@Bdoantipodal prefer-
DuplexesTable 1 summarizes the melting temperatuiés ( ence. In summary, the CD studies indicate that the con-
values), determined by ultraviolet (UV) spectroscopy, of formation of chimeric AON/RNA hybrids is relatively un-
hybrids of AONs bound to RNA using near-physiological affected when 2fluoroarabinucleotides are substituted for
buffer conditions. Whilel', analysis of AON/RNA duplexes  DNA residues; however, 'aneRNA to DNA substitu-
is not a measure of AON hybridization and dissociation rates tions significantly perturb the conformation of the helical
at physiological conditions, it does provide useful information structure.

about the impact that' 20-methylribo and 2fluoroarabino RNase H Actiity of 2-Fluoroarabino/Deoxy Gap Oligo-
substitutions have on duplex formation. The data show that hycleotidesStudies using backbone-modified chimeric oli-
the 18 bp PS-FANA/RNA hybrid (72C) is more stable than  gonucleotides suggest that there is a correlation between
the corresponding PS-DNA/RNA hybrid (6Z) (ATw/bp antisense activity and the efficacy with which AONSs elicit
= ca. +0.5 °C). This is consistent with the finding that RNase H activity 9, 25, 2§. We recently showed that RNase
phosphodiester (PO)-linked FANA/RNA hybrids are more H can cleave an oligo-RNA strand in a hybrid that is
stable than PO-DNA/RNA hybridsATw/bp = ca. +1 °C) hybridized to a complementary (PO)-FANA straridl) To

(15). With PS-FANA strands containing DNA gaps, hybrids  determine if PS-FANA and chimeric oligomers also support
show a thermal stability that is intermediate between that of an RNase H-dependent mechanism of inhibition, these
PS-DNA/RNA and PS-FANA/RNA hybrids. The observed compounds were tested for their ability to activ&ecoli
increase in melting temperature for a given oligonucleotide RNase H1 in vitro (Figure 3). The data show theit
chimera correlated directly with thé-@-methylribose or 2 compounds were capable of directing RNase H cleavage of
fluoroarabinose content. This is exemplified by the data for target RNA at low enzyme concentration (Table 1 and Figure
the listed duplexes (Table 1). As-@-methylribose or 2 3A). We also found that uniform PS-FANA is able to elicit
fluoroarabinose modifications were replaced withd2oxy- RNase H activity, although the overall efficiency of RNA
nucleosidesTr, values were reduced by approximately-8.5  cleavage observed is significantly reduced (5-fold) relative
1.0°C/deoxy substitution. These observations are in agreemento PS-DNA (Table 1). RNase H cleavage efficiency improved
with previous reports showing that-lieRNA and FANA a5 deoxyribonucleotide residues were introduced in the center
oligomers bind RNA with higher affinity than uniform  of the sequence; in fact-fluoroarabino chimeras containing
oligodeoxynucleotides (DNA)g, 15. Of note, the melting 8 and 10 deoxy residues were more efficient at directing
temperatures of the hybrids containingfl2oroarabinose RNase H cleavage relative to PS-DNA (full deoxy). The
modifications are the same, or only slightly lower, than those |ocations of cleavage sites were very similar in all duplexes,

of hybrids containing 20-methylribose. but differences in cleavage preferences were noted (Figure
CD spectral analysis was used to establish whether the3B).
incorporation of 2fluoroarabinose and'2-methylribose The effects of 20-methyl modifications on the rate of

sugars within DNA has a fundamental influence on the RNase H cleavage were also determined by gel analysis
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FiGURE 2: (A) CD spectra of hybrids in 140 mM K 1 mM Mg?", and 5 mM NaHPQ, buffer (pH 7.2). The total duplex concentration
was ca. uM. (A) RNA hybridized to PS-[FANA-DNA-FANA] chimeras having different gap size (sequerdceg Table 1). (B) RNA
hybridized to PS-[2ZneRNA-DNA-2meRNA] chimeras having different gap size (sequer&etl, Table 1).

(Table 1). Only the ZneRNA/deoxy chimeras with relatively
long DNA gaps (10 and 8 nucleotides) were able to elicit
RNase H activity efficiently. As expected, RNA cleavage
occurs primarily at sites complementary to the DNA gap
(Figure 3B). In contrast, with the PS-[FANA-DNA-FANA]/
RNA hybrids, cleavage also occurs at RNA regions hybrid-

line, which stably expresses luciferase, to assess the ability
of the FANA-base compounds to regulate the intracellular
levels of the luciferase MRNA targeitg). The corresponding
PS-DNA (full deoxy) and 2ZneRNA/deoxy chimeras were
also synthesized for comparison. Oligonucleotides were
delivered to the cells using the cationic lipid Cytofectin GSV

ized to the PS-FANA segment (Figure 3B). Decreasing the GS3815 21, 22.

DNA gap core of the ZneRNA/deoxy chimeras to 6 and 4

Dose-response curves for the various oligonucleotides and

nucleotides resulted in 5-fold and 30-fold decreases, respec-control sequences are shown in Figure 4A,B {F@lues

tively, in RNase H cleavage efficiency. Indeed, virtually no
cleavage was observed with them2RNA/deoxy chimera

are tabulated in Table 1). The range of the doses was from
1 to 250 nM of antisense and control AONs. Treatment of

containing a DNA core of 4 deoxy residues. These results cells with PS-DNA resulted in reduction of luciferase activity

are in agreement with those reported by Inoue et®lafd
confirm thatE. coli RNase H1 has a minimum recognition
requirement of 4 deoxy residues in a chimerim@RNA/
deoxy oligonucleotide. It is also worth noting that while PS-
FANA (full arabino)/RNA hybrids are substrates of RNase
H, hybrids of RNA and complementaryri2eRNA (full ribo)
are not 8).
Antisense Actities of PS-[FANA-DNA-FANA] Chimeras.

in a concentration-dependent manner with ans=& ca.
150 nM (Table 1). Significant decreases in intracellular
luciferase activity were observed in cells treated with the
2'-fluoroarabino/deoxy chimeras. The data show that they
are 15-30-fold more potent than the corresponding antisense
PS-DNA. In some cases, nearly complete inhibition of
luciferase enzyme activity>( 80%) was demonstrated at
AON concentrations of 30 nM (Figure 4A). The Ef

Next we determined the antisense potency and specificity the most active 2fluoroarabiono/deoxy chimeras (6 and 8

of 2'-fluoroarabino deoxy gap oligomers in cell cultures.
Specifically, we used a previously described HeLa X1/5 cell

deoxy gap) is 5 nM. Both PS-[arak-@Ti-araFT] and “PS-
FANA random” (a compound of the same base composition
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A PS-DNA PS- [FANA-DNA-FANA] PS-[2’meRNA-DNA-2’meRNA]
Deoxy gap (nt):I 18 I 10 8 6 4 1 0 I 10 8 6 4 I
18-mer —» . L
target RNA bR —— e

o pr— pr— | a——
- e
-
—_—— o - - L —
— ——
—
-
B No gap
3-U AUAGGAACAGCAUAGGG-S
S-DNA 0k & x A A A A A
S_FANA * * * * A A * * *

10 nt DNA gap
3“U AUAGGAACAGCAUAGGG-5
* 0 kA A A

F * * & *
M * * * A A

8 ntDNA gap
3U AUAGGAACAGCAUAGGG-5

F * * * * A * A * * *
M * *® A * A *

6 nt DNA gap
3-U AUAGGAACAGCAUAGGG-5
*

F * x k A A * ok ok %

M A A E® %

4 ntDNA gap

3-U AUAGGAACAGCAUAGGG-5
A

F E I T T * ok ok ok ok
M
1 ntDNA gap
3-U AUAGGAACAGCAUAGGG-5

F kR ok A kA Xk Ok 3k

Ficure 3: RNase H mediated cleavage of RNA duplexed with various antisense oligonucleotides. (A) Electrophoretic an&élysis of
labeled RNA digestion products. Timed aliquots were taken at 0, 5, 10, 20, and 30 min from each set of incubation as described under
Materials and Methods. (B) Diagram of RNase H cleavage pattern. The sequences shown are those of the RNA target. The letters F and
M represent PS-[FANA-DNA-FANA] and PS-leRNA-DNA-ZmeRNA] chimeras, respectively. RNA residues hybridized to the DNA

gap residues are underlined\)(Major cut; (*) minor cut.

as 2, but of random sequence; see Table 1) were virtually  The relationship between antisense potency and intracel-
inactive, suggesting that the reduction of luciferase enzymelular levels of luciferase protein and mRNA is shown in
activities was predominantly due to an antisense effect Figure 4C,D. As can be seen, the potency of the 2
(Figure 4B). fluoroarabino/deoxy chimera (10 deoxy gap) is superior to
A dramatic decrease in antisense activity was observedthat of PS-DNA (full deoxy), and the luciferase activity
for the uniform PS-FANA oligomer; in this case, the £C  correlates closely with mRNA and protein levels. The levels
was>500 nM, an activity that was not distinguishable from of a housekeeping mMRNA GAPDH remained constant upon
those of the PS-DNA or “PS-FANA random” sequences. AON treatment, and the AONSs tested did not affect X1/5
Remarkably, incorporation of only two (noncontiguous) dG cell viability (>95%) up to a concentration of 500 nM. The
residues within PS-FANA (sequen8eTable 1) leads to a  two smaller RNA fragments (1.6 and 1.1 kb) migrating faster
significant increase in the potency of the AON (Table 1). on the gels are consistent with an antisense-directed RNase
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FiGurRe 4: Sequence-specific antisense inhibition of chimeric oligonucleotides. X1/5 cells were transfecteg 26t rtM of the indicated

antisense or random oligonucleotides complexed with cytofectin as described under Materials and Methods, and the luciferase expression
was measured after 24 h. (A) Dosesponse relationships of the effects of PS-[FANA-DNA-FANA] chimeras of various DNA gap
composition on luciferase activities. (B) Comparison of effects of antisense and random sequences. The base sequence of the “random”
oligomer is given under Materials and Methods. “PS-aFT/PS-dT” denotes the oligomer: araF-TTTT-(dTTTTTTTTTT)-araF-TTTT. (C)
Comparison of the effects of PS-[FANA-DNA-FANA] (10 deoxy gap) and PS-DNA on levels of luciferase mMRNA (Northern blot), protein
(immunoblot), and luciferase activities measured simultaneously in a single experiment. The symbols “*” indicate the position of the expected
RNA fragments resulting from AON-specific binding and RNase H mediated cleavage of luciferase mRNA. The levels of housekeeping
GAPDH are shown for assessment of loading and specificity of inhibition by AONs. (D) Plot of quantitative data from (C).

H mediated cleavage of the recombinant 2.7 kb luciferase compounds were the 10 and 8 deoxy chimeras. The
mRNA (Figure 4C). 2’meRNA chimeras with the 6 and 4 deoxy gap displayed
Antisense Actities of PS-[FANA-DNA-FANAjersus PS- much weaker activity than the correspondiridl@oroarabino
[2'meRNA-DNA-2ZneRNA].The experiments described above compounds (Figure 5A, Table 1). As a whole, the most potent
allow for a direct comparison of antisense activities of PS- AONs tested were the PS-[FANA-DNA-FANA] chimeras
[FANA-DNA-FANA] versus PS-[2meRNA-DNA-ZmeR- containing 6 and 8 deoxynucleotides & 5 nM). Figure
NA] oligonucleotides. Direct comparison of desesponse  5C shows the effects of various AONs on the levels of
curves for chimeric compounds with the same DNA gap size luciferase mRNA and protein. A direct correlation between
showed that the antisense potencies of thi#udroarabino/ reduced levels of luciferase mMRNA (and protein) and enzyme
deoxy chimeras were in general significantly better than the activity was observed for both series of compounds.
corresponding 2meRNA/deoxy chimeras (Figure 5A,B and
Table 1). Chimeric ZneRNA oligonucleotides containing DISCUSSION
relatively long deoxy gaps, like theif-Buoroarabino/deoxy Recent advances such as (i) the development of efficient
counterparts, displayed better inhibitory activities than that methods for the solid-phase synthesis of oligonucleotides
of PS-DNA (full deoxy) oligonucleotide (Figure 5A,B and (27—29), (ii) the use of mixed-backbone oligonucleotides
Table 1). The most active PS*f2eRNA-DNA-2ZmeRNA] that induce RNase H activityd-13), and (iii) the develop-
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Ficure 5: Comparative antisense effects of PS-[FANA-DNA-FANA] versus PBIRNA-DNA-2ZmeRNA] chimeras(A) Dose-response
inhibition of luciferase in HeLa X1/5 cells using PS-[FANA-DNA-FANA] (sequen8es/, Table 1) and PS-[theRNA-DNA-ZmeRNA]

chimeras (sequencé&s-11, Table 1). A range of concentrations<250 nM) was delivered to the HelLa cells using cytofectin. Extracts
were prepared 24 h later and assayed for luciferase activity. (B) Bar diagram depicting luciferase activity measured at 250 nM [AON]. The
y-axis gives luciferase activity expressed as percent relative to luciferase activity in the absence of AON (control). (C) The effects of AON
chimeras (250 nM) on mRNA and protein levels. Lanes C, control experiment with no AON added; lanes F, PS-[FANA-DNA-FANA]
chimera; lanes M, PS-[ZeRNA-DNA-ZmeRNA] chimera.

ment of cationic lipids to efficiently deliver AONs to cells (FANA) (14, 15. These compounds represent the first
(21, 22 have overcome many of the barriers limiting the example of a 2modified AON that induces RNase H activity
use of AONSs in biological systems. Indeed, several clinical while exhibiting high binding affinity for target RNA. FANA
trials using mixed-backbone AONs have been initiated for and its phosphorothioate derivative (PS-FANA) provide
several human diseases including cancer, viral infections, andrespectively+1.2 and+0.5 °C increase in binding affinity
inflammatory afflictions. One remaining challenge, however, per modification compared to PS-DNA (e.g., see Table 1).
is the need to develop AONs that combine specificity and While FANA has a weaker RNA affinity compared to its
high mRNA affinity, while retaining the ability to activate  epimeric 2F-RNA (30) and other 2modified RNAs ), only
RNase H. The latter requirement is particularly important FANA elicits RNase H activity when bound to the target
since RNase H potentiates the biological activity of AONs, RNA. Thus, although "2substituted RNA analogues have
by degrading the mRNA portion of the AON/mRNA duplex, certain desirable properties, the fact that they do not elicit
and releasing (‘recycling’) the AON5( 11). RNase H activity limits their usefulness as antisense agents.
We have previously described the synthesis and prelimi- This disadvantage may be overcome by creating chimeric
nary characterization of @leoxy-2-fluoroarabinonucleic acid  oligonucleotides composed of mixed@-substituted RNA
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and a DNA ‘gap’ positioned in the middle of the sequence. activity. As predicted, the cleavage induced by PEERNA-
These studies have shown that the minimum DNA gap size DNA-2'meRNA] chimeras was restricted to the RNA portion
required to direct efficient RNase H cleavage of a target RNA bound to the DNA gap (Figure 3). In contrast, distribution
is four to five residuesq, 9), although more are required to  of initial cleavage sites induced by PS-FANA and the PS-
confer significant biological activity in vitro and in vive). [FANA-DNA-FANA] chimeras occurred through the entire
In fact, most of the mixed-backbone oligonucleotides in RNA chain. While subtle differences in cleavage patterns
clinical trials possess DNA gaps having a minimum of eight were observed for the different FANA chimeras, it appeared
residues. that the duplexes were cleaved similarly.

In an effort to assess the antisense properties of FANA  Differences in nuclease stability and/or cellular uptake may
oligonucleotides, we synthesized a series of FANA com- also explain the observed differences in antisense activities
pounds containing phosphorothioate (PS) internucleotide of the 2-O-methyl/deoxy versus FANA/deoxy chimeras
linkages. Our reasoning for incorporating PS linkages in the containing small gaps. Although we have not compared the
backbone was 2-fold. First, PS linkages would confer better nuclease stability of both types of chimeras, we note that
nuclease resistance and cellular uptake to the AON, and,PS-FANA and PS-DNA have comparable stability in human
second, they would allow direct comparison between FANA serum (stable for at least 24 h with negligible amount of
and the most widely used antisense compounds, i.e., chimericm—1 product in both cases). In addition, we have found that
PS-[2ZmeRNA-DNA-ZmeRNA]. Thus, we prepared a series while the antisense activity of PS-DNA declined after 24 h
of octadecanucleotides, namely, PS-FANA, PS-DNA, and with gradual recovery of luciferase expression, that of PS-
chimeric PS-[FANA-DNA-FANA] strands. The length of the FANA/deoxy and PS-2meRNA/deoxy chimeras (8 deoxy
DNA segment of the chimeras varied from 1 to 10 nucle- gap) presisted up to 60 h with much slower rebound of
otides, with the FANA segment length adjusted accordingly luciferase activity (C.-N. Lok, M. J. Damha, and M. A.
to keep the overall length of the chimeric compound fixed Parniak, unpublished results). These experiments suggest that
(18 nt). For comparison, we also evaluated the antisenseboth type of chimeras are very stable in the cell culture

properties of the corresponding chimeric PS¥[@RNA-
DNA-2'meRNA] strands.

As expected, the'theRNA and Z+-arabino modifications
were found to increase duplex stability, with theé- 2
substituent content correlating directly with target affinity
(Table 1). It is important to note that the binding affinity of
a given PS-[ZneRNA-DNA-ZmeRNA] chimera is very
similar to the corresponding PS-[FANA-DNA-FANA] chi-
mera. Ty values of hybrids formed by the-Buoroarabino
compounds were only-23 °C lower than those formed by
the corresponding'20-methylribose compounds. Thus, any
observed differences in biological activity would likely not
be due to differences in the binding affinity of these
oligonucleotides.

Our results showed that the uniformly modified PS-FANA
oligonucleotide was somewhat less efficient in directing

RNase H cleavage of target RNA compared to the corre-

media.

The recently solved NMR structure of a FANA/RNA
hybrid (17) along with the CD studies described in the
present report provide an explanation for several of the
observations made in this study. The NMR study showed
that FANA/RNA hybrids adopt a structure that resembles
that of native DNA/RNA hybrids 17). In addition to their
“hybrid” (H)-like conformation, there are other important
structural features that are conserved in both hybrids. The
sugars of the RNA strand have a normal’-@8do(north)
conformation, whereas the FANA (and DNA) sugars adopt
a unique O4endo (east) conformation1(7, 24. Notably,
the minor groove width is slightly narrower in both DNA/
RNA and FANA/RNA hybrid duplexes (9 A) than in pure
RNA/RNA species (11 A). A minor groove width that is
intermediate between those of pure A- and B-form duplexes
is believed to be an important factor in the mechanism that

sponding PS-DNA compound, and showed only weak allows RNase H to discriminate between DNA/RNA and

antisense inhibition of cellular target expression (i.e., lu-

RNA/RNA duplexes 81). The striking similarities between

ciferase mRNA translation). However, the mixed-backbone FANA/RNA and the native DNA/RNA substrate explain why

PS-[FANA-DNA-FANA] oligonucleotides were found to

FANA/RNA duplexes invoke RNase H activity. It is not

possess potent antisense activity, inhibiting specific cellular surprising, therefore, that PS-FANA (fully substituted) and

gene expression with Egvalues of less than 5 nM. This

chimeras containing both’'-Buoroarabino (FANA) and

inhibition was a true antisense effect, as indicated by the deoxynucleotide (DNA) residues behave as ‘DNA mimics’
dose-dependent decrease in both target protein and targeand invoke cleavage of the RNA through most of the
MRNA, and the appearance of mRNA fragments consistentribonucleotide sequence (Figure 3). CD measurements indeed

with RNase H mediated cleavage of the mRNA target.
A significant finding of this study is that while the
antisense potency of thé-@-methyl/deoxy compounds was

showed that the “hybrid” (H) conformation of the AON/
RNA duplexes is relatively unaffected whenhfRioroara-
binocleotides are substituted for DNA residues (Figure 2A).

dramatically attenuated with decreasing DNA core size, that On the other hand,’2nodified ribonucleotides (e.g.,'E,

of the 2-fluoroarabino/deoxy compounds was essentially 20OMe, ZMOE RNA) with the opposite stereochemistry at
unaffected (Figure 5AC). In fact, the 2fluoroarabino/ C2 show a strong preference for a '@hdo (north)
deoxy chimera with two (noncontiguous) dG residues conformation 82and cited literature). Preorganization of the
retained significant antisense activity (Figure 5A,B). These AON into a pure C3endo(north) conformation produces a
findings correlated exactly with the ability of the various pure A-form AON/RNA duplex that is not cleaved by RNase
chimeric antisense oligonucleotides to elicit RNase H H. Therefore, use of combinations of north (ribo) and east/
degradation of the target RNA, strongly suggesting that south (DNA) residues in the same strand would be disruptive
RNase H degradation of target RNA, and not binding affinity, because they are expected to introduce A/H junctions along
is the most important determinant for potent antisense the AON/RNA duplex (Figure 6). This is consistent with
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‘Gapped’ RNA:RNA versus FANA:RNA Hybrids

A-form H-form  A-form
—_—

[ Anawng] DNAgap [mnAwing |
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FIGURe 6: Schematic representation chimeric hybrid duplexes.
Hybrids of RNA and 2neRNA/deoxy chimeras are comprised of

“A-H-A" conformational domains, whereas those between RNA
and 2-fluoroarabino/deoxy chimeras belong to the “H” conforma-

tional family.

the CD data shown in Figure 2B, which provide evidence
that DNA to 2-meRNA substitutions significantly perturb
the conformation of the hybrid structure. In such “A-H-A”"
hybrid constructs, the “A” segment'(8eRNA) serves solely
as a target-binding domain to ensure effective hybridization,
whereas the “H” core (DNA) serves as an RNase H activation
domain that confines the cleavage to a limited site on the
target RNA.

While DNA/RNA and FANA/RNA hybrids have many
conformational features in common, there are some differ-

ences when examined in sufficient detail. Combined analyses

of NOE andJ-coupling data have indicated that thé 2
fluoroarabino sugars are conformationally ‘rigid’ and adopt
almost exclusively the O4ndo pucker (7, 24. This
contrasts strongly with the ‘dynamic’ sugar conformation
previously observed in the DNA strands of DNA/RNA
hybrid duplexes, where a mixture of conformers likely
coexist (04, C2, and C3-endq (17, 33,and cited literature).
The energy barrier for interconversion between FANA sugar
conformers is higher due to the large gauche effect from the
strongly electronegative’2luorine atom and the furanose
ring oxygen (O4. According to this analysis, and those
reported by Marquez and co-workers, the increased stability
of FANA/RNA hybrids relative to DNA/RNA hybrids could
originate from the conformational preorganization of the
sugar moieties and the ordering of water molecules around
the fluorine atoms X7, 34. The greater conformational
freedom (‘flexibility’) of 2-deoxyribose relative to 2-fluo-

roarabinose sugars may account, at least in part, for the faster

rate of cleavage generally observed for DNA/RNA hybrids
relative to PS-FANA/RNA (Table 1) and PO-FANA/RNA

hybrid duplexes [e.g., when the base sequence of the AON 15

is ATATCCTTGTCGTATCCC, the PO-DNA/RNA duplex

is cleaved byE. coli RNase H twice as fast relative to the
corresponding PO-FANA/RNA duplex; C.-N. Lok, E. Via-
zovkina, C. J. Wilds, K.-L. Min, M. A. Parniak, and M. J.
Damha, unpublished results]. Although we have no formal
proof of this hypothesis, we note that the rate of RNase H
cleavage nearly doubles upon incorporation of two (non-
contiguous) dG residues in the center of the chimera (Table
1). This finding may provide new insights into the design
of future AON analogues.

The two major criteria considered to be important for
antisense activity are the strength of binding of the AON to
the target RNAT») and the ability of the AON/RNA duplex
to be recognized and cleaved by RNase5Hg, 9. The Ty,
values for the PS-[FANA-DNA-FANA] chimeras were
similar to or slightly lower than those for the corresponding

Lok et al.

PS-[2meRNA-DNA-2meRNA] chimeric antisense, for each
of the DNA core gap sizes tested (Table 1). The dramatic
differences in antisense activity of the PS-[FANA-DNA-
FANA] compared to the corresponding PSAiZRNA-DNA-
2'meRNA] chimeras, when the DNA gap size was 6 residues
or less, provide strong evidence that the inhibitory activity
of AON results primarily from the RNase H mediated
cleavage of the mRNA target when hybridized to the AON.
Thus, it appears that the ability of an antisense oligonucle-
otide to elicit RNase H degradation of the complementary
target mRNA is likely to be the single most important
determinant for the inhibitory potency of antisense oligo-
nucleotides.
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