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Abstract: A novel solid-phase synthesis
of small- to medium-sized cyclic RNA
oligonucleotides is presented. A major
advantage of the approach is the lack of
restrictions on the sequence variety with
respect to the four standard bases ad-
enine, cytosine, guanine, and uracil. This
has been demonstrated for cycles con-
taining 2 to 21 nucleotide units. The
approach allows fully automated assem-
bly, and is related to a procedure known
for the preparation of cyclic oligonu-
cleotides in the DNA series (E. Alaz-
zouzi, N. Escaja, A. Grandas, E. Pedro-

so, Angew. Chem. 1997, 109, 1564 ± 1567;
Angew. Chem. Int. Ed. Engl. 1997, 36,
1506 ± 1508). It combines standard phos-
phoramidite chemistry for chain elonga-
tion and standard phosphotriester chem-
istry for ring closure. A key aspect of the
method is use of the novel 2'-O-triiso-
propylsilyloxymethyl (TOM) protected
RNA phosphoramidites (X. Wu, S.

Pitsch, Nucleic Acids Res. 1998, 26,
4315 ± 4323) instead of the classic tert-
butyldimethyl silyl (TBDMS) protected
amidites. Furthermore, the design of the
final cleavage step is selective only for
correctly cyclized oligoribonucleotides.
This results, after deprotection, in HPLC
profiles in which the crude oligonucleo-
tide is represented by the major peak
with typically more than 80 % of the
integrated area. The ring closure itself
proceeds with an average yield of 15 %.

Keywords: circular RNA ´ macro-
cycles ´ oligoribonucleotides ´ solid-
phase synthesis

Introduction

Circular RNA is frequently found in nature. This is reflected
in the large number of circular viroids[1] and in RNA cyclase
ribozyme activity.[2] The biological significance of circularity
often remains unclear and is a matter of intense current
research.[3]

Circular DNA has received attention lately, as it can be
used as efficient templates for DNA and T7-RNA polymer-
ases, a process termed as rolling circle DNA/RNA synthesis.[4]

Furthermore, cyclic oligodeoxynucleotides have been inves-
tigated in the context of antisense and antigene therapeutics
because of their intrinsic resistance towards degradation by
exonucleases.[5] In numerous structural studies it has been
shown that conformational constraints by circularity cause
previously unnoticed structural motifs in nucleic acids.[6]

So far, most techniques for the preparation of cyclic nucleic
acids involve template-directed ligation of a linear precursor
oligonucleotide. This approach is probably the most reason-

able for large cycles (>30 ± 35 nucleotides). Several variations
are found in the literature. The template can be provided as a
separate sequence[7] as well as an internal secondary struc-
ture.[8] The ligation itself proceeds either enzymatically (T4
DNA/RNA ligase)[7a, 8a] or is chemically controlled (BrCN/
imidazole or N-ethyl-N'-(3-dimethylaminopropyl)carbodiimi-
de).[7b, 8b±c] Generation of circular RNA by autocatalytic
splicing has yet to be shown to be an effective synthetic
procedure.

Recently, an efficient solid-phase synthetic approach for
small- to medium-sized cyclic DNA oligonucleotides has been
described;[9] however, efficient procedures for the preparation
of cyclic RNA oligonucleotides with comparable ring sizes
have not yet been reported.[10] This objective is addressed and
successfully achieved with the method described herein. As a
major advantage, the method has no restriction on the
sequence choice despite the fact that it is an operationally
simple process. Therefore, this protocol provides a powerful
tool to study structural and physicochemical properties of
small- to medium-sized cyclic RNA oligonucleotides.

Results and Discussion

The novel approach for the preparation of cyclic oligoribo-
nucleotides combines standard RNA phosphoramidite chem-
istry for chain elongation and standard phosphotriester
chemistry for ring closure. Deprotection of the synthesized
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cyclic RNAs can also be ach-
ieved by typical standard pro-
cedures established in RNA
automated synthesis, although
the ribose 2'-OHs are not pro-
tected with the commonly used
tert-butyl dimethylsilyl group
(TBDMS) but with the recently
introduced triisopropylsilyloxy-
methyl (TOM) protecting
group.[11]

Figure 1 shows the modified
solid-phase supports required.
Their synthesis is straightfor-
ward: (3-chloro-4-hydroxyphe-
nyl)acetic acid 2,4,5-trichloro-
phenyl ester[9] was treated with
a 2'-O-TOM-nucleoside cya-
noethylphosphoramidite in the presence of benzylthiotetra-
zole followed by oxidation with tert-butyl hydroperoxide to
yield the corresponding nucleotide-linker. A polyethylene-
glycol ± polystyrene copolymer, commercially available as
TentaGel S NH2, served as the matrix. After its modification
with 6-aminohexanoic acid,[12] coupling of the nucleotide-
linker in the presence of N,N'-dicyclohexylcarbodiimide
(DCC) and 1-hydroxybenzotriazole (HOBt) to the amino-
derivatized support followed by removal of the cyanoethyl
(CE) group, afforded the anionic nucleotide support 1 with an
average loading of 90 mmol gÿ1.

Assembly of the oligonucleotide chain using 2'-O-TOM
RNA CE-phosphoramidites proceeded with stepwise average
coupling yields of more than 98 %. Final detritylation
provided the 5'-terminal hydroxy group for cyclization with
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Figure 1. Modified solid supports, 1 and 2, for the synthesis of cyclic
oligoribonucleotides based on a TentaGel S NH2 matrix; polystyrene (PS).

the 3'-terminal phosphodiester group (Scheme 1). Thereby,
the coupling reagent of choice was 1-mesitylenesulfonyl-3-
nitro-1,2,4-triazole (MSNT). Subsequent removal of the CE-
phosphate protecting groups was performed in order to apply
a selective cleavage step for the correctly cyclized oligoribo-
nucleotides which were then bound exclusively through
phosphotriesters to the resin. These o-chlorophenylphospho-
triesters were readily cleaved by tetramethylguanidinium
pyridine-2-aldoximate, while all noncyclized or crosslinked
oligoribonucleotides remained attached to the solid support
through phosphodiester linkages (Scheme 2).

Deprotection of the nucleobases was performed with
saturated methylamine in ethanol/water at room temperature
for cyclic oligonucleotides with less than 10 nucleotides. For
larger cycles, previous treatment with concentrated ammonia
in water/ethanol at 42 8C resulted in more satisfactory HPLC
profiles of the crude product. TOM-deprotection of the ribose
2'-OHs was carried out with tetrabutylammonium fluoride
(TBAF) followed by desalting over a Sephadex G 10 column.
As a characteristic feature, the HPLC profile of a crude cyclic
oligonucleotide (up to a decamer) showed a major peak of
more than 85 % of the integrated area, and for a larger cycle it

Abstract in German: Die vorliegende Arbeit stellt eine neu-
artige Festphasensynthese für kleine bis mittelgrosse cyclische
RNA-Oligonukleotide vor. Ein Hauptvorteil der Methode,
nämlich ihre absolute Sequenzunahängigkeit im Bezug auf die
vier Standardbasen Adenin, Cytosin, Guanin, und Uracil, wird
mit der Darstellung und Charakterisierung von mehr als 20
Cyclen mit Ringgrössen von 2 bis 21 Nukleotideinheiten belegt.
Die Methode erlaubt den automatisierten Strangaufbau
und orientiert sich an der Darstellung cyclischer DNA (E.
Alazzouzi, N. Escaja, A. Grandas, E. Pedroso, Angew. Chem.
1997, 109, 1564 ± 1567; Angew. Chem. Int. Ed. Engl. 1997, 36,
1506 ± 1508). Sie kombiniert Standardphosphoramiditchemie
für die Strangverlängerung mit Standardphosphotriesterche-
mie für den Ringschluss. Ein entscheidender Aspekt der
Methode ist die Verwendung der erst kürzlich eingeführten
2'-O-Triisopropylsilyloxymethyl (TOM) geschützten RNA-
Phosphoramidite (X. Wu, S. Pitsch, Nucleic Acids Res. 1998,
26, 4315 ± 4323) anstelle der klassischen tert-Butyl dimethylsilyl
(TBDMS) geschützten Amidite. Weiters ist der Abspaltungs-
schritt vom Träger selektiv nur für die korrekt cyclisierten
Oligoribonucleotide. Der Reinheitsgrad der Rohprodukte
beträgt mehr als 80 %, der Ringschluss selbst erfolgt mit einer
durchschnittlichen Ausbeute von 15 %.
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Scheme 1. Synthesis of cyclic oligoribonucleotides. a) Chain assembly; n�1 repeats of: detritylation
(CHCl2COOH), coupling (5'-O-DMT-2'-O-TOM-nucleoside-3'-O-P(OCE)NiPr2/benzylthiotetrazole), capping
(Ac2O), oxidation (I2); b) detritylation (CHCl2COOH); c) cyclization (MSNT); d) CE-deprotection (TEA/
pyridine); e) cleavage from the solid support (tetramethylguanidinium pyridine-2-aldoximate); f) deprotection of
the bases (NH3 and/or MeNH2); g) TOM-deprotection (TBAF, desalting - Sephadex G 10); h) purification (ion-
exchange-MONO Q).
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was still more than 60 % (Figure 2). Purification of all
sequences was performed on an ion-exchange column. Purity
was checked by capillary electrophoresis or reversed-phase
HPLC and usually exceeded 95 %. Absolute yields of the
purified products were 15 % for the smaller cycles and

Figure 2. Documentation of the preparation of two cyclic oligonucleotides,
cy-rAUAUAUAUAU and cy-rGGGCCAAAU: a) Anion-exchange HPLC
chromatograms of the crude products after deprotection, gradient I.
b) Open tube CE electropherograms after their purification. c) MALDI-
TOF mass spectra (compare with Table 1; No. 16, 17). For details see the
Experimental Section.

decreased for the larger ones. Table 1 lists some of the cyclic
oligoribonucleotides prepared and their corresponding linear
references together with characterization data obtained by
MALDI-TOF mass spectrometry. Preparation of cyclic hen-
eicosamer (No. 24) reflected the limitations of the method
with respect to ring size and facile purification. So far, all

sequences were synthesized on
a 1 mmol scale, however, the
method is amenable to scale-
up.

All sequences in Table 1
were prepared with the anionic
support 1. Because of the
unprotected phosphodiester
group of 1, chain elongation
can be considered to be nega-
tively affected through chain
branching. In order to obtain
experimental evidence con-
cerning this question, the rU-
support 2 with an allyl-protect-
ed phosphate group was pre-
pared. Allyl protection is ex-

pected to be completely orthogonal to the other semiperma-
nent phosphate protecting groups used (CE and o-
chlorophenyl). For comparison, three sequences, namely cy-
rCAU, cy-rACGU, and cy-rUUUUUU were synthesized on
support 2. The only difference in the preparation of cyclic
oligonucleotides with this support was the allyl deprotection
of the 3'-terminal phosphate involving tetrakis(triphenylphos-
phane)palladium before cyclization with MSNT. The subse-
quent steps remained unchanged. HPLC profiles of the crude
cyclic oligonucleotides obtained were of comparable quality
but yields were 5 to 10 % less. Therefore, the allyl-protected
support 2 is not superior to 1.

Resistance to degradation of the cyclic oligoribonucleotides
by calf-spleen phosphodiesterase was tested on cy-rACGU,
cy-rGAGC4U and cy-rU2GA4GAGA2C3U. Compared with
their corresponding linear counterparts, resistance of the
cyclic oligonucleotides was highly increased for the two
shorter sequences whereas resistance was about the same for
the hexadecamers (Figure 3). With these experiments, the
expectation was confirmed that migration of the cyclic
compounds is faster than migration of the corresponding
linear reference sequences in capillary electrophoresis and
reversed-phase HPLC.

A major reason for the success of the approach is founded
on the use of RNA phosphoramidites that are TOM-
protected at the ribose 2'-OH and N-acetylated at the bases.
To the author�s knowledge, only two cyclic oligoribonucleo-
tides, namely cy-rC8 and cy-rC14, have previously been
prepared with 2'-OH-TBDMS RNA phosphoramidites, by
means of a different solid-phase approach.[10a] In general,
TOM/acetyl-protected RNA phosphoramidites seem to be
advantageous compared with the classic TBDMS/benzoyl-
protected RNA phosphoramidites.[11] The combination of
these protecting groups guarantees smooth and complete
deprotection after synthesis. With respect to the solid support
1, with ribose 2'-OH TBDMS protection, silyl migration to the
anionic phosphodiester group which results in cleavage of the
oligonucleotide from the solid support would have to be
considered during chain assembly.

The sequences listed in Table 1 were chosen, on the one
hand to show that the procedure has absolutely no restriction
on the sequence variety, and on the other hand for their
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Scheme 2. Depending on the length of the oligoribonucleotide about 5 to 40 % are correctly cyclized. However,
deprotection of the cyanoethyl groups from the phosphate backbone allows subsequent cleavage with
tetramethylguanidinium pyridine-2-aldoximate which is selective for phosphotriesters. Therefore, the correctly
cyclized oligonucleotides (a) are released whereas noncyclized (b) or cross-linked oligonucleotides (c) remain
attached to the solid support.
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Figure 3. Enzymatic resistance and digestion, respectively, of cy-rACGU
and rACGU-3'-p towards phosphodiesterase from calf spleen followed by
reversed-phase HPLC, gradient III ; start (above) and after 2 hours
(bottom); for detailed reaction conditions see the Experimental Section.

possible structural or biological significance. For instance, the
DNA analogues of cy-rAUUCAUUC (No. 14) and cy-
rCUCGCUUG (No. 15) form a previously unrecognized
general four-stranded DNA motif, the so-called bi-loop.[6]

Cyclic diribonucleotides (No. 4) are known for their activity

as RNA polymerase inhibitors,[10c] and in case of cy-rGG, as an
activator for cellulose synthase.[12] The sequence cy-rGAU-
GAGGCGhegACGACU (No. 22) represents an artificial
circular hammerhead ribozyme. Its biological activity is
retained and its synthesis has also been achieved by a
template-mediated ligation with T4 RNA ligase.[8a] Further-
more, cy-rGGAGAUCUGAGCGCUCUCUCC (No. 24) is a
cyclic HIV-1 TAR RNA analogue; a whole family of these
analogues show high Tat-binding activity.[13]

Conclusions

For the first time a solid-phase synthesis for small- to medium-
sized cyclic oligoribonucleotides with no restrictions on the
sequence variety is presented. The approach allows fully
automated assembly with commercially available 2'-O-TOM
RNA phosphoramidites. Ring closure is achieved by standard
phosphotriester RNA chemistry. Selective cleavage from the
solid support provides the cyclic oligoribonucleotide in high
purity after deprotection.

In particular, because of their higher resistance to exo-
nuclease cleavage, cyclic RNA molecules are potential targets
in therapeutics and diagnostics. Provided that a specific
research topic allows their use, cyclic RNAs are advantageous
over linear sequences whenever applied in the presence of
biological materials.[19]

Table 1. Synthesis and characterization of cyclic and linear oligoribonucleotides.

No. Sequence[a] Synthesis scale Yield[b] [M�H]�

[mmol] [OD] [%] calc. obs. D[%]

1 cy-rAU 1 4.2 15 652 651 ÿ 1.5
2 cy-rGU 1 2.7 14 638 636 ÿ 3.1
3 cy-rUU 1 3.1 15 613 613 0
4 cy-rAA 1 4.3 13 663 659 ÿ 6.1
5 cy-rCAU 1 1.9 6 942 941 ÿ 1.1
6 cy-rGAU 1 4.3 11 982 981 ÿ 1.0
7 cy-rACGU 1 2.2 5 1287 1286 ÿ 0.8

rACGU-3'-p 2 22.4 25 1305 1304 ÿ 0.8
8 cy-rAGACAA 1 7.5 10 1968 1966 ÿ 1.0
9 cy-rAAAAAA 1 4.6 5 1976 1976 0

10 cy-rUUUUUU 1 1.8 3 1838 1838 0
11 cy-rCCCCCC 1 2.7 5 1832 1832 0
12 cy-rGGGGGG 1 2.0 3 2072 2072 0
13 cy-rGAGCCCCU 1 0.9 1 2548 2545 ÿ 1.2

rGAGCCCCU-3'-OH 1 6.1 8 2486 2483 ÿ 1.2
14 cy-rAUUCAUUC 1 4.6 6 2496 2496 0
15 cy-rCUCGCUUG 1 2.1 3 2525 2526 � 0.4
16 cy-rGGGCCAAAU 1 4.1 4 2941 2938 ÿ 1.0
17 cy-rAUAUAUAUAU 1 2.7 2 3178 3180 � 0.6
18 cy-rGCGCGCGCGC 1 1.8 2 3253 3252 ÿ 0.3
19 cy-rGCGAAACGCUUU 1 1.8 1 3858 3859 � 0.3
20 cy-rAAAGAGACACUC 1 1.7 1 3888 3889 � 0.3
21 cy-rAUCAUUUUUCUGAU 1 1.3 1 4394 4388 ÿ 1.4
22 cy-rGAUGAGGCGhegACGACU[c] 1 0.7 1 5261 5257 ÿ 0.8
23 cy-rUUGAAAAGAGAACCCU 1 0.8 1 5175 5171 ÿ 0.8

rUUGAAAAGAGAACCCU-3'-p 2 17.2 9 5193 5194 � 0.2
24 cy-rGGAGAUCUGAGCGCUCUCUCC 1 0.6 1 6727 [d]

[a] Cyclic rApAp (cy-rAA). [b] Yields were determined after purification. One optical density (1 OD) is equivalent to the amount of oligonucleotide
dissolved in 1 mL water showing an extinction of 1 at a wavelength of 260 nm when measured in a cell with pathlength of 1 cm; yields were calculated by
using the values for extinction coefficients given in the Experimental Section. [c] Hexaethylene glycol (heg). [d] The [M�H]� peak was not detected due to
higher salt adducts.
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Experimental Section

General : All chemicals (reagent grade) and solvents (puriss.) were from
Aldrich or Fluka (exceptions mentioned). Tentagel S NH2 (Advanced
ChemTech; Louisville, Kentucky 40228, www.peptide.com), 2'-O-TOM-
RNA phosphoramidites and benzylthiotetrazole (Xeragon AG; 8005
Zurich, Switzerland, rna@xeragon.com), dicyanoimidazole (GlenRe-
search; Sterling, Virginia 20166, support@glenres.com). Molecular sieves
(4 �) were activated at 250 8C under vacuum. UV spectroscopy was
performed on a Cary 1 Bio spectrophotometer (Varian). For determination
of oligonucleotide concentrations, the following extinction coefficients
(260 nm) [L molÿ1cmÿ1] were used: adenosine 15300, guanosine 11700,
cytosine 7400, uridine 9900. All matrix-assisted laser desorption/ionization
(MALDI) analyses were performed by the Mass Spectrometry Facility of
The Scripps Research Institute on a PerSeptive Biosystems Voyager-Elite
mass spectrometer with delayed extraction; matrix: 2,4,6-trihydroxyaceto-
phenone; ions were detected in the positive mode. Abbreviations: acetyl
(Ac), cyanoethyl (CE), N,N'-dicyclohexylcarbodiimide (DCC), 4,5-dicy-
anoimidazole (DCI), N,N-dimethylformamide (DMF), 4,4'-dimethoxytrityl
(DMT), ethyl (Et), hexaethylene glycol (heg), 1-hydroxybenzotriazole
(HOBt), 1-mesitylenesulfonyl-3-nitro-1,2,4-triazole (MSNT), polystyrene
(PS), tetrabutylammonium fluoride (TBAF), triethylamine (TEA), triiso-
propylsilyloxymethyl (TOM), tris(hydroxymethyl)aminomethane (Tris).

Preparation of solid support 1: A solution (0.35 mL) of benzylthiotetrazole
(0.12 mmol) in CH3CN was added to a solution (0.8 mL) of 5'-O-DMT-2'-
O-TOM-nucleoside CE-phosphoramidite (0.12 mmol) and (3-chloro-4-
hydroxyphenyl)acetic acid 2,4,5-trichlorophenyl ester[9] (0.11 mmol) in
CH2Cl2. The reaction mixture was shaken for 1 h under an argon
atmosphere. tert-Butyl hydroperoxide (60 mL, 5.5m in decane) was added,
and 10 min later the reaction mixture was diluted with dry DMF/CH2Cl2

(1:4, 2 mL). Tentagel S NH2 resin (300 to 350 mg) derivatized with
6-aminohexanoic acid[9, 14] (60 to 70 mmol NH2) together with DCC (23 mg,
0.11 mmol), and HOBt (15 mg, 0.11 mmol) were added, and the suspension
shaken for 2 h. Then, the resin was washed with DMF, CH2Cl2, CH3CN, and
again CH2Cl2. Capping of the remaining amino groups and additional
oxidation with standard GeneSynthesizer reagents (PerSeptive) were
followed by treatment with TEA/pyridine (1:1, 4 mL) for 3 h. After
washing with pyridine, MeOH, CH3CN, and CH2Cl2, the resin was dried
under vacuum (2 d) to obtain a dry solid powder 1. Degree of cleavage
ranged from 80 to 110 mmol DMT gÿ1 resin.

Preparation of solid support 2 : Preparation of 2 was performed analogously
to the procedure described for 1 with 5'-O-DMT-2'-O-TOM-uridine
allylphosphoramidite. No final treatment of the resin with TEA/pyridine
was required. The degree of cleavage was 95 mmol DMT gÿ1 resin.

Oligoribonucleotide synthesis : All RNA syntheses were carried out on an
Expedite 8909 Nucleic Acid Synthesis System (PerSeptive Biosystems).
The standard 1 mmol DNA synthesis cycle was modified and included the
following steps: detritylation with dichloroacetic acid in ClCH2CH2Cl (5%
v/v) for 315 s/150 pulses (1 pulse is equivalent to 16 ± 18 mL); coupling with
solutions of 5'-O-DMT-2'-O-TOM-nucleoside CE-phosphoramidites in
CH3CN (10 % w/v) for 540 s/7 pulses (12 mg amidite/coupling) activated
by benzylthiotetrazole (0.35m) or DCI[15] (1m); capping with PerSeptive
capping solutions for 30 s/30 pulses; oxidation with iodine in CH3CN/sym-
collidine/water (100:9:45, 0.01m) for 60 s/60 pulses. Amidite solutions,
tetrazole solution, and CH3CN (Wsh) were dried over molecular sieves
overnight. The O-DMT-hexaethylene glycol CE-phosphoramidite used for
the synthesis of sequence No. 22 was prepared following ref. [16]. The
linear reference sequences rACGU-3'-p and rU2GA4GAGA2C3U-3'-p
were synthesized on a solid support with a starter group of the type
described in ref. [17]. All sequences were synthesized trityl-off.

Cyclization, CE-deprotection, and cleavage : The oligoribonucleotides
synthesized on support 1 (trityl-off) were treated with 1-mesitylenesulfon-
yl-3-nitro-1,2,4-triazole (MSNT) solution in anhydrous pyridine (0.1m,
0.45 mL). The cyclization time was 7 to 18 h depending on the length of the
oligonucleotide. After the product had been washed with pyridine, the
cyclization step with MSNT (0.1m, 0.3 mL) was repeated for 3 to 7 h. The
support was washed with pyridine, and treated with TEA/pyridine (1:1) for
3 to 5 h followed by washing with pyridine, CH2Cl2, and MeOH. Cleavage
was performed with a solution of pyridine aldoxime/tetramethylguanidine
(0.1m) in dioxane/water (2:1, 0.5 mL) for 12 to 16 h. The treatment was

repeated. Solutions containing the oligonucleotides and washings with
dioxane/water were combined and evaporated to dryness.

Removal of the allyl protection group from the 3'-terminal phosphate of
the oligoribonucleotides synthesized on support 2 (trityl-off) was achieved
by suspension of the support in a mixture of Pd[(C6H5)P3]4 (30 mg),
(C6H5)3P (30 mg), and Et2NH2HCO3 (30 mg) in CH2Cl2 (2 mL) at room
temperature.[18] The suspension was vigorously shaken for 7 to 9 h, and
washed with CH2Cl2, acetone, and water, suspended in an aqueous sodium
diethyldithiocarbamate solution (0.1m, 2 mL) for 30 min, and washed with
water, acetone, and CH2Cl2. Cyclization was then carried out as described
above.

Oligoribonucleotide deprotection : Sequences with less than 10 nucleotides
were treated with MeNH2 in EtOH (8m, 0.75 mL) and MeNH2 in water
(40 %, 0.75 mL) for 2 to 5 h at room temperature; the solution was then
evaporated to dryness. Removal of the 2'-O-silyl acetals was afforded by
treatment of the oligonucleotide with tetrabutylammonium fluoride
trihydrate (TBAF ´ 3H2O) in THF (1m, 0.9 mL) for at least 12 h at room
temperature. The reaction was quenched by the addition of Tris ´ HCl (1m,
pH 7.4, 0.9 mL). The volume of the solution was reduced to 1 mL and
directly applied on a Sephadex G 10 column (30� 1.5 cm) controlled by
UV-detection at 260 nm and simultaneous detection of conductivity. The
product was eluted with water and evaporated to dryness.
Sequences with more than 10 nucleotides were treated with NH3 in water
(25 %, 1.0 mL) and EtOH (0.2 mL) at 42 8C for 3 h, the solution was then
evaporated to dryness. Deprotection was continued with MeNH2 as
described above.

Oligoribonucleotide purification : All oligoribonucleotides were purified
by ion-exchange chromatography on a Pharmacia ¾KTA purifier with a
MONO Q HR 5/5 column (Figure 2). Flow rate: 1 mL minÿ1; eluent A:
10mm Na2HPO4 in H2O (pH 10.5); eluent B: 10mm Na2HPO4/1m NaCl in
H2O (pH 10.5); detection at 260 nm; gradient I (for a purity check of the
crude products after deprotection): 30 min 0 ± 100 % B in A; gradient II
(for purification): D30% B in A within 30 min. Fractions with the purified
oligonucleotide were desalted by loading onto a C18 SepPak cartridge
(Waters/Millipore), followed by elution with (Et3NH)HCO3 (0.15m), water,
and then H2O/CH3CN (6:4). Combined fractions with the oligonucleotide
were lyophilized to dryness.

The purity of the oligonucleotides was checked by capillary electrophoresis
or by reversed-phase HPLC. Capillary electrophoresis was performed on a
Beckman P/ACE System 5010; open tube fused silica capillary column,
50 m id, length: 30 cm; Tris ´ borate buffer (0.1m), pH 8.4, 30 8C, 20 kV,
detection at 254 nm. Reversed-phase HPLC was performed on a Beckman
System Gold equipped with the 126 solvent module and the 168 detector;
Brownelee Aquapore RP-300 column (C8, 7mm, 22� 0.4 cm). Flow rate:
1 mL minÿ1; eluent C: (Et3NH)OAc (0.1m) in H2O (pH 6.4); eluent D:
(Et3NH)OAc (0.1m) in H2O/CH3CN (1:4); gradient III : 30 min 0 ± 40% D
in C; elution at 35 8C; detection at 260 nm.

Enzymatic digestion : To an aqueous solution (100 mL) of cyclic oligoribo-
nucleotide (cy-rACGU or cy-rGAGC4U or cy-rU2GA4GAGA2C3U, 2.5�
10ÿ6 mm) and its corresponding linear reference sequence (rACGU-3'-p or
rGAGC4U-3'-OH or rU2GA4GAGA2C3U-3'-p, 2.5� 10-6 mm), phospho-
diesterase from calf spleen (1.5 mL, �0.01 U, Boehringer-Mannheim Cat.
No. 108251, suspension in (NH4)2SO4 solution (3.2m), pH 6.0) was added.
The mixture was kept at room temperature and analyzed at fixed times by
reversed-phase HPLC (Figure 3).
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