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Abstract: A fast, high-yielding and reliable method for the

synthesis of DNA- and RNA 5’-triphosphates is reported.
After synthesizing DNA or RNA oligonucleotides by automat-

ed oligonucleotide synthesis, 5-chloro-saligenyl-N,N-diisopro-

pylphosphoramidite was coupled to the 5’-end. Oxidation of
the formed 5’-phosphite using the same oxidizing reagent

used in standard oligonucleotide synthesis led to 5’-cycloSal-

oligonucleotides. Reaction of the support-bonded 5’-cyclo-

Sal-oligonucleotide with pyrophosphate yielded the corre-
sponding 5’-triphosphates. The 5’-triphosphorylated DNA

and RNA oligonucleotides were obtained after cleavage

from the support in high purity and excellent yields. The
whole reaction sequence was adapted to be used on a stan-

dard oligonucleotide synthesizer.

Introduction

5’-Triphosphorylated (5’-ppp-)oligonucleotides have a wide
range of applications in biochemistry. While DNA 5’-ppp-oligo-

nucleotides may be used in ligation reactions,[1] 5’-triphos-
phorylated RNA and their conjugates have a broader spectrum

of applications. For example, RNA 5’-triphosphates were used

for ligation reactions,[2, 3] as antiviral compounds,[4] in the enzy-
matic synthesis of m7G-capped-5’-triphosphorylated RNA,[5–7] in

the induction of antiviral immunity,[8] as well as in the detec-
tion of viral responses by activation of the RIG-I protein.[9]

Moreover, triggering of immune responses by RIG-I can result
in siRNA-mediated gene silencing and potential target knock-

down (synergistic effect).[10] There are only a few methods de-

scribed so far for the efficient synthesis of 5’-triphosphorylated
oligonucleotides and they are usually derived from the meth-
ods used for nucleoside triphosphate ((d)NTP) synthesis involv-
ing H-phosphonates[11] and the Ludwig/Eckstein phosphityla-
tion reagent.[12] Zlatev et al. reported on a H-phosphonate-
based method producing a 5’-phosphorimidazolidate that is

converted with pyrophosphate to the corresponding 5’-tri-
phosphate using ultramild base protecting groups.[13] Later this
method was adjusted to be used on an ABI-394 DNA/RNA syn-

thesizer.[14] The major product is the 5’-triphosphated oligonu-
cleotide but the side products were some lower phosphorylat-

ed compounds and the non-phosphorylated oligonucleotide
(5’-OH, 5’-phosphonate, 5’-phosphate and 5’-diphosphate).

Following the method developed by Ludwig and Eckstein,[12]

Nagata et al. showed that a solid-phase-bonded 25 mer RNA-

oligonucleotide could be phosphitylated using 2-chloro-4H-
1,3,2-benzodioxaphosphorin-4-one (salicyl phosphorochloridite

method) which was subsequently reacted with pyrophosphate
to yield a 5’-cyclotriphosphitylated oligonucleotide followed by

oxidation to give the 5’-triphosphate.[15] When tris(tetra-n-buty-

lammonium) hydrogen pyrophosphate was used, the major
product was the desired 5’-triphosphate with still a significant

amount of 5’-OH and 5’-phosphonate oligonucleotide. Howev-
er, when bis(tri-n-butylammonium) dihydrogen pyrophosphate

was used only a low triphosphorylation efficiency was ob-
served. In this case high amounts of the 5’-phosphonate were

obtained.

Ludwig et al. later improved this approach by first oxidizing
the 5’-cyclotriphosphite to yield the 5’-cyclotriphosphate form

using tert-butylhydroperoxide.[16] A subsequent ring-opening
with aliphatic amines such as n-decylamine led to lipophilically

tagged g-phosphoramidate RNAs. After cleavage and depro-
tection with AMA (concentrated ammonia in aqueous methyla-

mine) for 10 min at 65 8C, the tagged RNAs were purified by re-
versed-phase ion-pairing chromatography as these oligonucle-
otides elute with markedly higher retention times. After purifi-

cation, the lipophilic tag was cleaved by hydrolysis of the P¢N
bond using a TEMED buffer (pH 3.8) at 60 8C for 70 min. Sur-

prisingly, from the paper it seemed that the oligonucleotide tri-
phosphates proved to be stable under these conditions, al-

though we have observed marked degradation of the triphos-

phate at acidic conditions.
Although these methods work in principle, all of these

methods have one significant disadvantage: they are not trans-
ferable to the conditions of the automated oligonucleotide

synthesis because the needed reagents are too reactive[14] and
not designed to be used on standard synthesizers respectively.
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Furthermore, lower phosphorylated byproducts as mono- and
diphosphorylated oligonucleotides may be formed during the

synthesis, which are often difficult to separate from the target
triphosphorylated product by chromatographic means.

In previous reports we synthesized various nucleotide bio-
conjugates applying the cycloSal-method[17, 18] using activated
cycloSaligenylchlorophosphites of the general structure
1 (Figure 1).

With regard to an automated 5’-pppDNA/RNA synthesis

these compounds cannot be used in commercially available
synthesizers because of their high reactivity. Nevertheless, al-

though the difference to the salicyl phosphorochloridite

method reported by Ludwig/Eckstein to the cycloSaligenyl-
chlorophosphite seems to be small, the latter compounds

showed in the past already clear advantages.[17, 18]

Therefore, our aim was to develop a method that is compat-

ible with reagents used in the standard phosphoramidite
chemistry protocol and a protocol that allows that the whole

process can be used in an automated oligonucleotide synthe-

sizer based on the cycloSal-method. We focused our attention
on the preparation of cycloSal-phosphoramidites that have

a lot of advantages compared to the currently published meth-
ods (compounds 2, Figure 1): 1) cycloSal-phosphoramidites

may be coupled and oxidized with the same reagents used in
oligonucleotide synthesis, 2) in principle the same excellent

coupling efficiencies can be expected as with standard DNA

phosphoramidites, and 3) the subsequent phosphorylation re-
action proceeds in a short reaction time at room temperature

due to the increased reactivity caused by an electron-with-
drawing substituent in the cycloSal-moiety.[17]

Results and Discussion

After the preparation and evaluation of cycloSal-phosphorami-
dites 2 with different electron-withdrawing groups at the 5-po-

sition, compound 2 c bearing a 5-chloro substituent was select-
ed to be used in all further coupling reactions. In principle, for

a fast phosphorylation reaction with pyrophosphate it is desir-
able to have a strong electron-withdrawing group attached to

the 5-position of the cycloSal-ring because of the high electro-

philicity at the phosphorus atom.[17, 21] However, we observed
that strong electron-withdrawing substituents, for example,

the 5-acetyl- and 5-nitro-group in the cycloSal derivatives led
to a rapid isomerization to give the thermodynamically more

stable Arbuzov products 3 (Figure 1).[22] In contrast, the 5-un-
substituted and 5-chloro-cycloSal-phosphoramidites were

found to be stable (Cl/H ! Ac<NO2). In addition, the chemical
stability of the 5-acetyl- and 5-nitro-cycloSal compounds with

regard to hydrolysis was markedly low which made the purifi-
cation difficult. Therefore, we decided to focus on 5-chloro-sali-

genyl-N,N-diisopropylphosphoramidite (2 c) for further studies
because it is the most stable compound of the cycloSal-phos-

phoramidites 2 a–c and the starting materials used for the syn-
thesis are readily available. The 5-unsubstituted phosphorami-

dite 2 d was found to be only poorly reactive towards the

phosphorylation with pyrophosphate and thus has not been
further considered.

The synthesis of 5-chloro-saligenyl-N,N-diisopropylphosphor-
amidite (2 c) was achieved in 3 steps in an overall yield of 53 %

(Scheme 1).

First, 5-chlorosalicylic acid 4 was reduced with lithium alumi-

numhydride to give 5-chlorosaligenol, which was then reacted
with phosphorus trichloride in the presence of pyridine to give

5-chloro-cycloSal-chlorophosphite 2. After purification by Ku-
gelrohr distillation, compound 2 was reacted with 2.2 equiva-

lents of diisopropylamine. The resulting 5-chloro-saligenyl-N,N-
diisopropylphosphoramidite (2 c) was purified by silica gel fil-

tration and was obtained as a colorless solid after evaporation

of the solvent. This material was found to be suitable to be
used in a DNA/RNA synthesizer.

CycloSal-phosphoramidite 2 c showed comparable stability
to normal nucleoside 3’-O-phosphoramidites and it can be

stored in the refrigerator for months without degradation.
When dissolved in acetonitrile cycloSal-phosphoramidite 2 c
was stable for at least a few days when kept under dry condi-

tions and no formation of the Arbuzov product was observed.
In a separate control experiment, 5-chloro-cycloSal-phosphon-

amidate 3 c was used together with the cycloSal-phosphorami-
dite 2 c in the coupling reaction but 3 c did not couple to the

5’-end of the oligonucleotides. Thus, even in the case that
some degree of rearrangement of 2 c to give 3 c occured, no

formation of side products during the coupling reaction has to

be considered. In contrast to the cycloSal-phosphoramidites
one might consider to convert the Ludwig/Eckstein phosphity-

lation reagent into its phosphoramidite form in order to obtain
a more selective phosphitylation reaction. To the best of our

knowledge, this compound hasn’t been described before. Con-
sequently, we synthesized and purified it on a route compara-

Figure 1. General structure of cycloSal-chlorophosphites 1, cycloSal-phos-
phoramidites 2 and their Arbuzov isomerized form 3.

Scheme 1. Synthesis of the cycloSal-phosphoramidite 2 c used for the syn-
thesis of DNA- and RNA-5’-triphosphates. DIPA = diisopropylamine.
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ble as used for the cycloSal-phosphoramidites 2. However, the
resulting phosphoramidite could not be coupled to a 5’-OH

nucleoside. The Ludwig/Eckstein-phosphoramidite obtained
showed high stability in acetonitrile (no Arbuzov isomerization)

but in contrast to the cycloSal-phosphoramidite 2 c no cou-
pling reaction at all which might be due to an electron-defi-

cient phosphorus atom caused by the adjacent carbonyl
group. Therefore, the Ludwig/Eckstein procedure cannot be

applied to standard automated oligonucleotide synthesizers.

The general synthesis route for both DNA and RNA 5’-tri-
phosphorylated oligonucleotides using cycloSal-phosphorami-

dite 2 c is depicted in Scheme 2.
Briefly, an oligonucleotide sequence was synthesized on sup-

port and the 5’-O-dimethoxytrityl protecting group was re-
moved by standard conditions. Next, the coupling and oxida-
tion of the cycloSal-phosphoramidite 2 c was carried out with

the reagents used on the synthesizer. After the pyrophosphor-
ylation, which was still conducted on the synthesizer, the re-

sulting 5’-triphosphorylated oligonucleotide was deprotected
and cleaved from the support. Overall this process makes the
method convenient to be applied to any automated oligonu-
cleotide synthesizer.

As a first example, a 5’-triphosphorylated 7 mer-thymidine

oligonucleotide (5’-pppT7) was synthesized. After the synthesis
of the 7 mer-thymidine oligomer by routine phosphoramidite

chemistry and detritylation, 2 c was coupled with 5-benzylthio-

1H-tetrazole (BTT) as an activator to form the corresponding
5’-O-phosphite. The subsequent oxidation with the iodine oxi-

dizer solution led to the supported 5’-O-cycloSal-oligonucleo-
tide, which was then phosphorylated using a bis(tetra-n-buty-

lammonium) dihydrogen pyrophosphate solution in DMF for
2 h at room temperature. The whole synthesis as well as the
phosphorylation reaction was carried out in a fully automated
way. The cleavage from the support as well as the base depro-
tection was achieved in this case with aqueous conc. ammonia.

To analyze the quality of the 5’-triphosphorylated T7-oligonu-
cleotide it was necessary to use ion exchange (IEX) HPLC be-
cause in reversed-phase (RP) HPLC 5’-triphosphorylated oligo-
nucleotides could not be separated from their 5’-di- or 5’-
monophosphorylated forms. After IEX-HPLC purification, an ad-
ditional desalting step (Sephadex G-25 DNA grade) was

needed to remove the salts that were present in IEX-HPLC buf-

fers. The IEX-HPLC chromatogram of crude 5’-pppT7 is shown
in Figure 2.

No non-phosphorylated 5’-OH-T7-oligonucleotide was de-
tected, showing that a quantitative coupling of the cycloSal-

phosphoramidite 2 c was achieved. It was proven that a cou-
pling time of 45 seconds was enough for a quantitative reac-

tion. The only byproducts formed were very minor amounts of

the mono- and diphosphorylated oligonucleotides (in total
<4 %), which proved the very high conversion rate (crude

HPLC purity of the triphosphorylated product was 90 %). The
very minor formation of pT7 was

attributed to an incomplete
phosphorylation with pyrophos-

phate and ppT7 was formed be-

cause commercially available py-
rophosphate salts may also con-

tain monophosphate, which led
to the formation of 5’-O-diphos-

phorylated oligonucleotides. In
first experiments, the quality

grade of the used pyrophos-

phate was 97 % and the concen-
tration was 0.4 m. For all further

reactions only ACS grade pyro-
phosphate with a purity of
�99 % and a concentration of
0.5 m was used to avoid 5’-O-di-

phosphorylated products and to
obtain a complete phosphoryla-
tion reaction.

Using this slightly changed
protocol, a triphosphorylated

20 mer cytosine-DNA oligonu-
cleotide was synthesized and

the crude material was analyzed
by ESI-MS. The 5’-ppp(dC)20 oli-
gonucleotide showed no mono-

or diphosphorylated side prod-
ucts at all (Figure 3). These re-

sults proved that a highly effi-
cient reaction to the 5’-O-tri-Scheme 2. Automated solid-phase synthesis of DNA- and RNA-5’-triphosphates.
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phosphates has been achieved. The lower phosphorylated oli-
gonucleotides (5’-OH, 5’-phosphonate, 5’-phosphate and 5’-di-
phosphate) which are formed as side products in the method

reported by Zlatev[13, 14] are usually difficult to remove by chro-
matographic means.

After we showed that the method exclusively gave the 5’-O-
triphosphorylated oligonucleotides, the purification was ach-

ieved by RP-HPLC using triethylammonium acetate (TEAA) as
a volatile buffer instead of ion-exchange chromatography,

which simplified the purification process.

When we applied this method to the synthesis of mixed
DNA sequences ESI and MALDI-MS experiments revealed that

in the phosphorylation reaction the formed o-quinone methide
was able to react with adenosine and guanosine residues lead-

ing to covalently modified side products (Figure 4).
This formation of byproducts was not observed in the case

of 5’-ppp(dC)20 and 5’-pppT7. Such a possible Michael-type re-

action was previously reported for acrylonitrile and p-tolylvinyl
sulfone during the deprotection of the 2’-O-cyanoethyl (CE),[23]

2’-O-(2-cyanoethoxymethyl) (CEM)[24] and 2’-O-2-(4-tolylsulfon-
yl)-ethoxymethyl (TEM)[25] group in RNA synthesis when using

tetra-n-butylammonium fluoride (TBAF).

Therefore, we tried different counterions than tetra-n-buty-
lammonium for the pyrophosphate reagent that might act as

a scavenger for the cleaved intermediate 5. Bis(tri-n-butylam-
monium) dihydrogen pyrophosphate might be an alternative

because in comparison to tetra-n-butylammonium, the tri-n-

butylammonium counterion acts as a weak acid. In the case of
bis(tri-n-butylammonium) dihydrogen pyrophosphate, which is

often used in the literature for triphosphorylation reac-
tions,[16–19] we proved by pH measurements that only 1.2 coun-

terions of tri-n-butylammonium remained on the final product
instead of the assumed two equivalents.

Although tri-n-butylamine has a boiling point of 214 8C, it is

volatile enough and can be evaporated while drying to a fine
powder due to its relatively weak ionic bond with pyrophos-

phate. The prepared tri-n-butylammonium pyrophosphate was
soluble in DMF, but not nucleophilic enough for the phosphor-

ylation reaction. By adding an additional 0.8 equivalents of an-
hydrous tri-n-butylamine to that solution, a two-phase system

appeared. 1,4-Dioxane had to be added to the mixture to

obtain a homogeneous phase; however, it didn’t affect the re-
activity. In conclusion, the preparation of a fine powder of

bis(tri-n-butylammonium) dihydrogen pyrophosphate was not
possible because the expected number of counterions were

not obtained resulting in a less reactive pyrophosphate ion
which was not suitable with the cycloSal-method because of

its insufficient nucleophilicity.

Next, different scavengers such as nitromethane[26] and
amines were tested and added to the solution of bis(tetra-n-
butylammonium) dihydrogen pyrophosphate in DMF. Because
tertiary amines as triethylamine and tri-n-butylamine are not

soluble in DMF, secondary amines were screened. Sterically
hindered amines such as diisopropylamine led to a higher o-

quinone methide induced byproduct formation than more
basic and nucleophilic amines. Finally, morpholine and piperi-
dine were selected, which were also used to trap p-tolylvinyl

sulfone that was formed during the cleaving of the 2’-O-TEM
group in RNA synthesis.[27] Thus, in principle either morpholine

or piperidine as 5 % volume additive can be used in the phos-
phorylation reaction to prevent byproduct formation. Never-

theless, although no difference in the scavenger efficiency be-

tween morpholine and piperidine was observed, we decided
to use the less basic morpholine to prevent potential chain

cleavage in RNA synthesis.[27]

Morpholine as a 5 % volume additive was successfully

used in the phosphorylation reaction to avoid any byproduct

Figure 2. IEX-HPLC Chromatogram of crude 5’-pppT7.

Figure 3. IEX-HPLC chromatogram (top) and ESI mass spectrum (bottom) of
crude 5’-ppp(dC)20. Deconvoluted mass: 5959.09 (calcd: 5961.62).

Figure 4. Formation of 4-chloro-6-methylene-2,4-cyclohexadien-1-one (5) in
the pyrophosphorylation step.
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formation for a mixed-sequence 20 mer-DNA oligonucleotide
(Figure 5).

In contrast, morpholine was not used in further RNA triphos-
phorylation reactions because in some cases some byproduct

formation was observed even in the presence of morpholine

for unknown reasons. Fortunately, the RP-HPLC purification is
easy because the o-quinone methide induced byproducts

elute with markedly higher retention times as compared to the
5’-ppp-oligonucleotides (Figure 6). In summary, the addition of

the scavenger should be used for 5’-ppp-DNA to prevent by-
product formation while in the case of the more labile triphos-

phorylated RNA-oligonucleotides some other side reactions

were observed because of the added scavenger and therefore
here the addition of morpholine should be avoided.

For RNA deprotection and cleavage from the support, it is
critical not to use AMA at 65 8C for 10 min, which is the widely

used method for the deprotection of regular RNA oligonucleo-
tides and it has been used for RNA 5’-triphosphate synthesis as

well.[16] When using high temperatures, serious degradation of

the 5’-O-triphosphate moiety to the 5’-O-di- and 5’-O-mono-
phosphorylated forms was observed. In contrast, when we

compared the deprotection of a normal base-protected 5’-OH-
RNA oligonucleotide with AMA for 2 h at room temperature or

for 10 min at 65 8C, we did not detect any difference in the
purity of the resulting deprotected RNA oligonucleotides. Con-

sequently, in case of the 5’-ppp-RNA oligonucleotides, the de-
protection should be carried out at low temperatures, other-

wise mono- and diphosphorylated oligonucleotides will be
formed. When standard base protection (G(iBu), A(Bz) and

C(Ac)) was used, AMA-driven deprotection at room tempera-
ture for 2 h was found to be the best condition to ensure the
5’-ppp moiety remained intact. No use of ultramild protecting-

group chemistry was necessary. After evaporation of the sol-
vent, 2’-O-desilylation of RNA strands was carried out at 65 8C

for 2.5 h using triethylamine trihydrofluoride (TEA*3 HF) which
is the most widely used reagent for RNA desilylation.

However, serious degradation of the 5’-triphosphate moiety
to its 5’-O-di- and 5’-O-monophosphorylated form was ob-

served. In accordance, Zlatev et al. reported on this degrada-
tion for a pppU7 oligonucleotide as well.[13] To achieve a milder
desilylation reaction, two additional equivalents of triethyla-

mine may be added to the desilylation solution to fully neu-
tralize hydrogen fluoride and the desilylation should be carried

out at room temperature overnight as well. Similar to DMT-on
RNA deprotection approximately one additional equivalent of

triethylamine is used for this purpose to avoid premature

cleavage of the acid labile DMT-group. As solvents, DMSO and
N-methyl-2-pyrrolidone (NMP) are commonly used. However,

not more than one equivalent of TEA is soluble in DMSO or
NMP. As a possible alternative base to TEA, N-methylmorpho-

line was tried but unfortunately showed the same solubility
problems. Nonetheless, when a mixture of NMP, TEA and

TEA*3HF in the ratio 6:3:4 (v/v)[28] was used as the desilylation

reagent for 16 h at 23 8C degradation to the 5’-O-di- and 5’-O-
monophosphorylated oligonucleotide was minimized to a low

amount (Figure 7).

By using 1 m TBAF in THF within 16 h at room temperature

no damage of the 5’-triphosphate moiety was detected. There-
fore, TBAF remains the best desilylation reagent that ensures

no degradation of the 5’-triphosphate, probably due to its neu-
tral to slightly basic conditions (Figure 6). Overall isolated

yields for different sequences of 5’-ppp DNA- and RNA-oligo-
nucleotides are summarized in Table 1.

Figure 5. MALDI mass spectrum of RP-HPLC purified 5’-ppp[d(GTC AGA GCT
TAG CTA GAC CT)] . Mass found: 6354.697 (calcd: 6355.913).

Figure 6. RP-HPLC chromatograms (top) and MALDI MS spectra (bottom) of
crude and purified 5’-pppACU GUU UCA ACG UCA UGU UGU G.

Figure 7. MALDI MS spectra of RP-HPLC purified 5’-ppp UCU CUA UAC GCU
AGC ACU GU. Mass found: 6502.248 (calcd: 6500.713).
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Conclusions

In summary, we disclose here a method by which DNA- and

RNA-oligonucleotide 5’-triphosphates are accessible using a cy-
cloSal-phosphoramidite. The advantages of the method are the

use of: 1) “standard” DNA- or RNA-phosphoramidites, 2) stan-

dard reagents in automated oligonucleotide synthesis, 3) AMA
deprotection at room temperature and 4) standard RP-HPLC

purification. It was very important that the deprotection with
AMA was carried out at room temperature, otherwise 5’-p and

5’-pp formation will be observed.
An important advantage as compared to other methods is

that the complete reaction sequence can be performed in an

automated way using a standard oligonucleotide synthesizer.
The method allows the reliable and inexpensive preparation of

5’-triphosphorylated oligonucleotides with efficient coupling
reactions and extremely high phosphorylation efficiencies. In

addition to the reaction of the 5’-cycloSal-oligonucleotides
with pyrophosphate, the method should allow also the reac-

tion with other nucleophiles, for example, nucleoside phos-

phates to synthesize cap-RNA-structures or (oligo)saccharide-
phosphates to synthesize carbohydrate–oligonucleotide conju-

gates. Thus, this approach represents a new route to the effi-
cient chemical synthesis of the important oligonucleotide 5’-
triphosphates and derivatives thereof.
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Table 1. Yields for isolated DNA- and RNA 5’-O-triphosphates of different
sequences and lengths.

Sequence Scale OD260 Isolated yield [%]

pppTTT TTT T 0.5 22.9 80[a]

ppp[d(TCT ATG T)] 0.5 23.2 71[a]

ppp[d(CCC CCC CCC CCC CCC CCC CC)] 0.5 26.5 37[a]

pppTTT TTT TTT TTT TTT TTT TT 0.5 41.0 50[a]

pppTTT TTT TTT TTT TTT TTT TTT TTT T 0.5 51.7 51[a]

ppp[d(GTC AGA GCT TAG CTA GAC CT)] 0.5 34.4 36[b]

pppACU GUU UCA ACG UCA UGU G 0.2 10.6 28[b]

pppUUG UCU CUG GUC CUU ACU UA 0.2 10.1 27[b]

pppGAC GCU GAC CCU GAA GUU CAU 0.2 9.3 23[b]

pppAGA AAU UAU UCA UGG CAG ACU U 0.2 10.7 23[b]

DNA oligonucleotides have been synthesized on polystyrene supports,
RNA on CPG. [a] Purified by IEX-HPLC. [b] Purified by RP-HPLC.
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