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Department of Biochemistry, NCSU, Raleigh,
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ABSTRACT

In order to efficiently assess the chemical stability of modified nucleosides
to the reagents and conditions of automated oligonucleotide synthesis, we
designed, developed and tested a scheme in which the modified nucleo-
side, directly attached to a solid support, is exposed to the cyclic chem-
istry of the instrument. Stability of 2-thiouridine against different
oxidizers was investigated. Tertbutyl hydroperoxide (1 M) in anhydrous
acetonitrile was a more effective oxidizer for the incorporation of
2-thiouridine into oligonucleotide chains than the same oxidizer in me-
thylene chloride. Carbon tetrachloride=water in the presence of a basic
catalyst was superior in maintaining the thiocarbonyl function, but its
utility for RNA synthesis has yet to be fully tested, whereas 2-phe-
nylsulfonyloxaziridine was a very efficient reagent for oxidative
desulfurization of 2-thiouridine.
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INTRODUCTION

Recently an increasing interest has been generated for the chemical
synthesis of oligonucleotides containing 2-thiouridine and its 5-substituted
derivatives as model compounds for structure and function studies (antisense
strategy, ribozyme activity, priming HIV-1 reverse transcription, ribosome
binding)1–5. The most effective methods of oligonucleotide synthesis are
phosphoramidite and H-phosphonate approaches. Both of these synthesis
methods require a P (III) to P (V) oxidation step6, which can result in the
undesired loss of the 2-thio function.

It is important to consider the thioketo group at the 2 position of the
pyrimidine ring not only as a domain of simple oxidation resulting in the
corresponding uridine, but also as a site for an oxidative desulfurization
leading to the 4-pyrimidinone nucleoside7–11 (Fig. 1). More detailed studies
showed, that the ratio of products 2 to 3 and the amount of unreacted
2-thiouridine strongly depend on the conditions used for oxidation (oxidizing
agent, the presence of water, reaction solvent, pH, molar excess of the re-
agents, substituent at the 5-position of 2-thiouracil)10,11.

The chemical reactivity of 2-thiouridines under oxidative conditions is
incompatible with the standard protocols used for the automated syntheses
of oligonucleotide chains6,9. Oxidative desulfurization of s2U leading to the
4-pyrimidinone nucleoside (H2U) is a major reaction when aqueous iodine,
the standard oxidizing reagent, is used in the repeated oxidation steps re-
quired for the phosphoramidite approach to RNA synthesis9. However, no
problems were reported with the incorporation of 2-thiothymidine by using
iodine oxidation with H-phosphonate chemistry12. The difficulty of in-
troducing 2-thiopyrimidine nucleosides into DNA with the standard iodine
oxidation protocol for phosphoramidite synthesis was overcome by using
toluoyl as a protecting group for the base moiety13. In RNA, Kumar and
Davis have reported that 2-thiouridine could be incorporated successfully

Figure 1. Products of 2-thiouridine oxidative desulfurization and oxidation.
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into oligonucleotides without base protection by replacing iodine with 10%
tertbutyl hydroperoxide in acetonitrile as the oxidizing agent14.

Thiolation of the C-2 atom of uridine is only one example of the many
modifications that are chemically and structurally interesting, biologically
important, and also susceptible to alteration under the commonly used
conditions of synthesizer protocols. Therefore, it is important to thoroughly
investigate the conditions of automated chemical synthesis that could irre-
versibly effect modified nucleoside chemistry in oligonucleotides and the
yields of the correct oligomer. Although reactivity of protected and un-
protected modified nucleosides can be assessed by treatment with reagents
used on the synthesizer, conditions identical to those on the instrument are
difficult to duplicate during solution synthesis in the test tube.

Here, we present an efficient and effective method of using the instru-
ment to analyze the effects of synthesizer protocols on modified nucleoside
stability. In this method, the modified nucleoside is attached to a solid sup-
port. We have compared the stability of 2-thiouridine derivative 4 (Fig. 2)
against different oxidizers commonly used in phosphoramidite and H-phos-
phonate oligonucleotide solid phase synthesis.

RESULTS AND DISCUSSION

Oligomers with the sequences corresponding to tRNA’s anticodon stem
and loop domain with a 2-thiolated nucleosides were chemically synthesized
in our studies on the structure-function relation of wobble position
2-thiouridines4. Using automated solid phase synthesis, irreproducible yields
of 2-thiouridine-containing oligoribonucleotides were observed when utiliz-
ing 1M tertbutyl hydroperoxide in methylene chloride as the oxidizer. To
improve the yield of the desired 2-thiouridine-containing oligonucleotide, we

Figure 2. 2-Thiouridine derivative attached to lcaa CPG.
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undertook a more detailed and systematic study of 2-thiouridine stability
under treatment with the various oxidizers used in solid phase synthesis. The
specificity of the automated solid phase oligonucleotide synthesis (a very
small scale, a large molar excess of oxidizing agent) produces results on the
instrument that often differ from those observed in solution when testing
of new oxidizers. Our model compound 50-O-dimethoxytrityl-20-O-tetra-
hydropyranyl-2-thiouridine derivative 4 attached by succinyl linker to a
polymer support (Fig. 2) provided a means to overcome this problem and
compare the performance of the different oxidizers under the conditions of
solid phase synthesis methodology.

Synthesis of the 2-thiouridine derivative 4 was achieved from
2-thiouridine by standard protection of 20 and 50 hydroxyl functions with
tetrahydropyranyl (THP) and dimethoxytrityl (DMT) groups, respectively15

and then by the introduction of 30-O-succinate16. The 30-O-succinate was
converted to its 4-nitrophenyl ester, which was reacted with long chain al-
kylamine controlled pore glass (lcaa-CPG)16 to give a support with a loading
of 54 mmol of 2-thiouridine per gram. A 2-thiouridine functionalized support
was used for the preparation of several 1 mmol columns for an Applied
Biosystems 394 oligonucleotide synthesizer.

In our studies we tested the following oxidizing agents used for phos-
phoramidite synthesis: 1M solution of tertbutyl hydroperoxide (tBuOOH) in
acetonitrile14 or methylene chloride17 and carbon tetrachloride=N-methyl-
morpholine (NMM)=pyridine=water=acetonitrile 2.5=1.0=6.0=0.2=9.3 (v=v)18.
We also examined oxidizers used in the H-phosphonate approach: 2% iodine
in pyridine=water 98=219, 10% water in carbon tetrachloride=triethyl-
amine=N-methylimidazole (NMI) (90=0.5=0.5)20 and 0.2 M 2-phenylsulfo-
nyloxaziridine (PSO) in methylene chloride21.

The experiments were conducted following a modified ABI protocol of
phosphoramidite synthesis in which coupling and detritylation steps were
omitted. The time of oxidation was varied for each oxidizer as listed in
Table 1 (entry 2, 3, 4). The protocol corresponds to 10 coupling cycles and
therefore the model compound was exposed to 10 oxidation steps. To mimic
H-phosphonate chemistry only one oxidation step was performed (entry 5, 6,
7). As a control, the recovery of 2-thiouridine from CPG support in the
absence of any oxidizer was determined (entry 1).

The acid labile THP protecting group was used for the 20OH function
of 4. This allowed the removal of THP and DMT groups simultaneously
under the prolonged treatment (30 min) with 3% trichloroacetic acid as the
last step of machine aided experiments. To check that the same amount of
ribose residue was attached to CPG for each oxidant tested, DMT cation
release was measured with almost identical readings obtained for each trial.
Finally the beads were incubated overnight with anhydrous ethanolic am-
monia to release the nucleoside material. After filtration of the polymer
support and evaporation of the solvent, the residue was dissolved in water.
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Small aliquots were analyzed by reversed-phase HPLC using isocratic elution
with 0.01M phosphate buffer=methanol (97.5=2.5 v=v, pH 5.3) (Fig. 3). A
solution of equimolar concentration of 2-thiouridine (s2U), uridine and the 4-
pyrimidinone (H2U) nucleoside was used as the standard for the determina-
tion of the composition of the reaction mixture for each oxidation experiment.

1 M tBuOOH in acetonitrile or methylene chloride resulted in
2-thiouridine recovery in 66% and 54% yield, respectively. Although the
oxidation time was three times longer with tBuOOH in acetonitrile (Table 1,
entry 2) than in methylene chloride (entry 3), the first condition was found to
retain more 2-thiopyrimidine nucleoside under synthesis conditions. Treat-
ment with carbon tetrachloride=water mixture in the presence of basic cat-
alysts had little effect upon 2-thiouridine (entry 4 and 6). The best recovery of
2-thiouridine (92%) was obtained with carbon tetrachloride=N-methylmor-
pholine=pyridine=water=acetonitrile (2.5=1.0=6.0=0.2=9.3) (entry 4).

Aqueous iodine oxidation (entry 5) with the time suitable for an
H-phosphonate approach produced mainly the product of oxidative
desulfurization (H2U) with 2-thiouridine recovered in only 13% yield.
Testing of 2-phenylsulfonyloxaziridine resulted in complete loss of sulfur in
2-thiouridine. In our experiment this reagent appeared as a very efficient
desulfurization agent, thus only the 4-pyrimidinone nucleoside was detected
in the reaction mixture at the condition for entry 7 (Table 1). A large
scale experiment with 20,30,50-tri-O-acetyl-2-thiouridine confirmed that the
2-phenylsulfonyloxaziridine treatment could be used as a convenient and
very efficient desulfurization method for 2-thionucleoside transformation to
4-pyrimidinone, both at the nucleoside level in solution and for post-syn-
thetic modification at the level of oligomer.

Table 1. Summarized Results of 2-Thiouridine Transformation to 4-Pyrimidinone Nucleo-

side and Uridine Under Various Oxidizing Conditions Used in Oligonucleotide Solid Phase
Synthesis.

No. Oxidizer
Time for
Oxidation H2U (%) U (%) s2U (%)

1 None 100

2 1 M tBuOOH in acetonitrile 12min* 2 8 66
3 1 M tBuOOH in methylene chloride 4min* 6 13 54
4 CCl4=NMM=pyridine=H2O=acetonitrile

2.5=1.0=6.0=0.2=9.3 (v=v)
5min* 92

5 2% I2 in pyridine=H2O 98=2 (v=v) 10min** 27 15 13
6 10% H2O in CCl4=NMI=Et3N 90=0.5=0.5

(v=v)
10min** 84

7 0.2 M PSO in methylene chloride 5min** 96

*time for each of ten oxidation steps; **time for the total oxidation process.
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CONCLUSIONS

With 2-thiouridine conjugated to a solid support, we analyzed its sta-
bility under various oxidation conditions of the automated oligonucleotide
synthesizer. tBuOOH (1M) under anhydrous conditions is presently the
preferred oxidizer for the chemical introduction of 2-thiouridine by the
phosphoramidite approach in automated oligonucleotide synthesis. Anhy-
drous acetonitrile is a better solvent for tBuOOH oxidation than methylene
chloride. The best yield of unchanged 2-thiouridine was obtained when a
carbon tetrachloride=water mixture in the presence of basic catalyst was used
as the oxidizer in both phosphoramidite and H-phosphonate methods. It is

Figure 3. HPLC traces of: (A) equimolar mixture of H2U, U and s2U; (B) the elution profile
for the test that utilized CCl4=NMM oxidizer (entry 4, Table 1); (C) the elution profile for the

test that utilized 1M tBuOOH in methylene chloride as the oxidizer.
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necessary to underline that the efficiency of these conditions for P (III) moiety
oxidation in RNA synthesis need to be thoroughly checked. Aqueous iodine
oxidation cannot be used for the introduction of 2-thiouridine by phos-
phoramidite or H-phosphonate chemistries. The 2-phenylsulfonyloxaziridine
was found as a very efficient desulfurization agent for 2-thiouridine at the
nucleoside level as well as for the post-synthetic 2-thiouridine modification in
an oligomer. We conclude that analysis of modified nucleoside stability, or
that of novel protecting groups, to the conditions of automated oligonu-
cleotide synthesizers is efficiently accomplished on the instrument with the
nucleoside in question coupled directly to a solid support.

EXPERIMENTAL

Lcaa-CPG Derivatization with 2-Thiouridine

50-O-DMT-20-O-THP-30-O-succinate p-nitrophenyl ester of 2-thio-
uridine was obtained according to published procedures15,16. The structure of
this compound was confirmed by FAB MS and 1H NMR.

1H NMR (CDCl3, d ppm): 1.5–2.0 (m, 6H), 2.6–2.9 (m, 4H), 3.4–3.6 (m,
4H), 3.8 (s, 6H), 4.3–4.4 (m, 1H), 4.6–4.8 (m, 2H), 5.3–5.6 (m, 2H), 7.1 (s,
1H), 6.8–7.3 (m, 17H), 7.9 (d, 1H) FAB MS: m=z 745 (M-H)� for 50-O-
DMT-20-O-THP-30-O-succinate.

Lcaa-CPG derivatization was performed according to a standard pro-
tocol16 and the support with a loading of 54 mmol of 2-thiouridine per gram
was obtained. Using this support, several 1 mM columns were prepared.

Machine Aided 2-Thiouridine Oxidation Experiments

The experiments mimicking solid phase synthesis with s2U attached to
lcaa-CPG were performed using a Perkin-Elmer Applied Biosystems Model
394 synthesizer. The standard 1mM RNA synthesis protocol was changed as
follow: i) for experiments mimicking phosphoramidite synthesis, the detri-
tylation and coupling steps were omitted; ten oxidation steps were performed
and the oxidation times were set individually for each oxidizer as listed in
Table 1, entry 2, 3, 4; ii) for H-phosphonate approach one oxidation step was
mimicked (entry 5, 6, 7, Table 1).

The final 3% trichloroacetic acid treatment was prolonged to 30min to
remove simultaneously DMT and THP protecting groups. DMT readings
obtained from each column (entry 1 to 7) were in the same range. Nucleoside
material was cleaved from the beads by incubating the sample for 18 hours at
room temperature in ethanolic ammonia. Then the samples were dried using
a Savant Speed Vac and finally each sample was dissolved in 5mL of water.
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HPLC Analysis of Nucleoside Composition

100 mL aliquot of each sample was analyzed by reversed phase HPLC
using a Nucleosil C-18 column (3.2mm i.d.6250mm, Supelco) and isocratic
elution with 0.01M potassium dihydrogen phosphate=methanol 97.5=2.5, pH
5.3 at a flow 0.75mL=min. Detection was accomplished with a Waters 990
photo-diode array detector monitoring at 260 nm.

Equimolar mixture of 2-thiouridine, uridine and 4-pyrimidinone nu-
cleoside was used as a standard for the composition analysis of samples. The
retention time for 4-pyrimidinone nucleoside (2), uridine (3) and 2-thio-
uridine (1) were 7.7min, 10.7min, and 26.2min, respectively. To calculate the
yield of 4-pyrimidinone nucleoside, uridine and 2-thiouridine obtained after
each oxidation experiment the following correction factors were applied to
the integrated areas of nucleoside peaks at 260 nm: H2U¼ 3.2; U¼ 1.8;
s2U¼ 1.0.
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