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We present a reproducible protocol for the site-specific incorporation of 5-methylaminomethyl-2-thio-
uridine (mnm®s2U) into a model RNA fragment and, together with 2-methyladenosine (m?A), into the
native sequence of the Escherichia coli tRNA®"? anticodon arm (E. coli ASL"?). This approach is also uti-
lized for the synthesis of oligomers modified with multiple 2-thiouridines.
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2-Thiouridine (s?U), its 2’-0-methyl analog (s*Um), and vari-
ously 5-substituted 2-thiouridines (s?U*) are components of cyto-
solic and mitochondrial tRNAs sequences' and control
fundamental cellular processes,”> while their absence results in
serious diseases.> The s’U/s?U* modified tRNA fragments have
been utilized, among others, in mutually related model studies
on the impact of post-transcriptional modifications on RNA confor-
mation/tertiary structure dynamics,* and on the effectiveness of
homo- (RNA-RNA) and heterotropic (RNA-protein) biopolymer
interactions with other partners of the ribosomal decoding
machinery,>® or of the HIV-1 RNA reverse transcription process.”®

The superior hybridization and base discrimination abilities of
oligoribonucleotides modified with sU/s?Um compared to non-
modified oligomers®'° has encouraged their use in ‘microarray’ con-
struction and probing, in this way, the RNA 2-D structure,'! and also
for the development of potential therapies based on selective gene
silencing.'?

Polymer-supported synthesis of oligoribonucleotides by phos-
phoramidite chemistry necessitates a P(Il) to P(V) oxidation
step. Under typical oxidizing conditions, 2-thiouridine and its
5-substituted derivatives undergo oxidation into the 2-oxo-
analogs and/or oxidative desulfurization into the respective 1-
B-p-ribofuranosyl-1H-pyrimidin-4-one.'>~!> The scope and nature
of these processes depend not only on the oxidant, but also on
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the type of 5-substituents.'®> Numerous protocols for the incor-
poration of s?U/s?U* into oligomers by solid-phase synthesis
have been reported,'®!!1416-20 however none of them offers a
general approach.

Until now the most effective oxidation systems have been
elaborated for incorporation of 5-methoxycarbonylmethyl-2-
thiouridine (1 M solution of cumene hydroperoxide in toluene)?°
and 2’-0O-methyl-2-thiouridine(s) (0.02 M solution of iodine in
pyridine-H,0).'

5-Methylaminomethyl-2-thiouridine (mnm®s2U) reveals signifi-
cant sensitivity to the oxidation step. The mnm®°s?U modified se-
quence of Escherichia coli ASL™* was prepared using a 1 M solution
of tert-butyl hydroperoxide as oxidant in acetonitrile.'® We were
not able to repeat this synthesis, however, and a similar observation
was reported by another laboratory.?!

In this communication, we present a reliable approach for the
incorporation of mnm?®s2U into synthetic RNA sequences. The util-
ity of this protocol has been confirmed by the synthesis of model
oligomers modified with mnm®s?U, with site-specifically located
s2U unit(s) and the native sequence of E. coli ASL®""? (mnm®s2Us,,
m?As;). It is noteworthy, that the mnm?®s2U is located only in the
tRNA sequences from prokaryotes. Thus, the synthetic E. coli ASL-
Glu2 and ASLYS fragments containing mnm’s?Us,4 could be em-
ployed in the automated system for the selection of potential
therapeutics against antibiotic-resistant E. coli strains.2?

Considering the previously cited literature,'>142° the stability of
a monomeric unit derived from mnm®s?U (1) in a 0.02 M solution
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Scheme 1. The products of oxidation and/or oxidative desulfurization of mnm®s*U derivative 1.
Table 1
Sensitivity of 1 toward oxidants (8 equiv) under various reaction conditions (concentration, solvent, time of reaction)
Entry Conditions Time (min) Product?® (%) Recovery of 1 (%)
2 3
1 0.25 M t-BuOOH in toluene 40 2 2 90
2 0.5 M t-BuOOH in toluene 10 5 2 85
3 1M t-BuOOH in toluene 2 5 2 84
4 0.05 M t-BuOOH in MeCN 2 nd 25 60
5 0.02 M I, in THF/H,O/pyridine 7/1/2 (v/v/v) 2 50 nd 40
6 0.02 M I, in MeCN/H,O/pyridine 7/1/2 (v/v/v) 2 70 nd 20
¢ Yield of isolated product. nd = not detected.
Table 2
MALDI-TOF data for the synthesized oligoribonucleotides and yield of the products synthesized on a 0.2 pumol scale
Oligonucleotide Sequences Calcd. [M—H] Found Yield® [OD4g0]
5’-UUUUUUUU-3"? 2385.2 2385.8 7.8
5'-UUUUUUUs?UU-3 2707.2 2709.1 7.9
5'-Us*UUUs*UUUS?UU-3 2739.2 2739.7 5.2
5/-UUUUUUUmMnm®*s>UUUUU-3 3668.4 3671.0 4.2
5'-CCGCCCUMnm’s?UUCmM2ACGGCGG-3 5422.8 5422.9 4.0

2 Reference sequence.

b Yield of oligoribonucleotide was determined by measurement of the UV absorbance at 260 nm, using a 1 cm path length quartz cuvette.
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Figure 1. Structures of the fully protected 3’-O-phosphoramidites of s?U (4), mnm’s?U (5) and m?A (6).

of iodine in THF/H,O/pyridine and, alternatively, in acetonitrile/
H,O/pyridine, as well as in the presence of various concentrations
of tert-butyl hydroperoxide in acetonitrile or toluene, was tested
(Scheme 1), with the results listed in Table 1. Compound 1 was ob-
tained as a side-product during the preparation of fully protected
mnm°s?U 3'-O-phosphoramidite.?> Under oxidizing conditions,
derivative 1 undergoes transformation into 2-oxo analog 3 and/
or the product of oxidative desulfurization 2 (Scheme 1). Both
compounds 2 and 3 were synthesized independently, and their
structures were confirmed by standard methods.?*%°

Treatment of 1 with 0.02 M [, in acetonitrile/H,0/pyridine or in
THF/H,O/pyridine solution gave only the product of oxidative

desulfurization 2, and its yield was notably higher in more polar
solvents (Table 1, entries 5 and 6).

Nucleoside 1 remained unchanged for a relatively long time in a
0.25 M solution of tert-butyl hydroperoxide in toluene, but at high-
er oxidant concentrations the yield of 2 increased (Table 1, entries
1-3). It is noteworthy that even a dilute solution of tert-butyl
hydroperoxide in acetonitrile gave 3 as the sole product with a
notable yield of 25% (Table 1, entry 4).

The results of these model studies favor a dilute solution of tert-
butyl hydroperoxide in toluene as the most suitable oxidant for so-
lid-phase supported incorporation of mnm®s?U into oligoribonu-
cleotides using phosphoramidite methodology.
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Some aspects of the mechanism of s2U/s?U* oxidation/desulfur-
ization have been studied, but only the pathway involving selective
desulfurization of s?U upon treatment with 2-phenylsulfonyloxaz-
iridine has been investigated in detail and discussed so far.!> Based
on literature and the results of model studies, the degrees of sensi-
tivity of s?U/s?U* to oxidizers could be arranged in the ascending or-
der as follows: m°s?U <mcm®s?U < s?U <« mnm’s?U < mo°s2U.
This ranking may reflect the tendency of s2U derivatives toward
enolization. A shift toward the enol form has been recorded for
mo°U?® and mo°s?U,%” while mnm®s?U crystallizes as a zwitter-
ion.2® Protonation of the side-chain amine function of mnm’s?U un-
der neutral conditions was postulated, and, based on pK,<8
estimated for mnm?>s2U, it can be expected that a considerable frac-
tion of this nucleoside is ionized under physiological conditions.?*
Blocking the side-chain amine function of 1 with a strong elec-
tron-withdrawing CF5C(0)-group can induce a charge distribution
in the heterocyclic moiety similar to that originating from the
above-mentioned protonation process. This effect can be responsi-
ble for the enhanced tendency of the mnm’s2U-derived monomeric
unit to enolization, and consequently to oxidation/oxidative desul-
furization processes during the P(III) to P(V) oxidation step. The
substantial reduction of tert-butyl hydroperoxide degradation to
the active oxygen species in toluene compared to CH,Cl,,*° and
the diminished tendency of 1 to ionization in a non-polar aprotic
solvent would be expected to decrease the sensitivity of nucleoside
1 to oxidation.

A solution of 0.25 M t-BuOOH in toluene was successfully ap-
plied to the solid-phase supported synthesis (phosphoramidite
methodology) of model oligoribonucleotides modified with
mnm°s2U or s2U unit(s) and double modified E. coli ASL®"*?, with
site-specifically located mnm?>sUs, and m?As; (Table 2).

The 5'-O-DMTr, 2’-O-TBDMS protection strategy for the phos-
phoramidites of s?U (4), mnm°>s?U (5) and m?A (6) was employed
(Fig. 1). Compounds s2U and mnm®s?U were synthesized according
to previously reported methods.?'3? 2-Methyladenosine (m2A)
was prepared as follows: peracetylated guanosine was chlorinated
to give 2-amino-6-chloro-9-(2',3',5'-tri-0-acetylribofuranosyl) pur-
ine,® and this compound was converted into 2-iodoadenosine.3*
Subsequently, 2-iodoadenosine was alkylated with trimethylalu-
minium in the presence of a palladium catalyst to give 2-methylad-
enosine (m2A).3°> The side-chain amine function of m2A was
protected with a benzoyl group as previously described.?® Standard
procedures were employed for final protection of the 5-O- and 2’-
O-functions with DMTr and TBDMS groups, respectively, as well as
for 3’-0-phosphitylation.'®3637 The analytical and spectral data of
monomer units 4-6 were identical with those reported in the
literature.36®

The synthesis of the RNA sequences was conducted automati-
cally on a 0.2 umol scale using commercial Pac(tac)-protected
phosphoramidites (Proligo®) and standard coupling chemistry with
the exception of t--BuOOH oxidation.?® Oligoribonucleotides were
deprotected according to a slightly modified Sproat protocol.*°
The fully deprotected oligomers were precipitated and purified by
anion-exchange HPLC (see Supplementary data). The integrity of
the synthesized oligoribonucleotide sequences was confirmed by
analytical HPLC and MALDI-TOF mass spectrometry (Table 2).

In conclusion, under oxidizing conditions, the heterocyclic
moieties of 2-thiouridine derivatives undergo side-reactions, and
consequently the P(III) to P(V) oxidation is a critical step for the so-
lid-phase supported synthesis of oligoribonucleotides containing
s2U/s?U*. Protected 5-methylaminomethyl-2-thiouridine appeared
to be very sensitive to the standard oxidants used in the phospho-
ramidite methodology, however it remains intact in a dilute solution
of tert-butyl hydroperoxide in toluene. Based on these observations,
a reliable approach to the synthesis of model oligoribonucleotides
modified with mnm°s®U as well as the native sequence of the

E. coli tRNA®"? anticodon arm bearing mnm®s?U and m?A have been
elaborated. The same procedure can be used for the synthesis of
tRNA fragments modified with mnm®s2U in the presence of t°A, as
well as for the incorporation of several 2-thiouridines into oligoribo-
nucleotide sequences.
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