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Unique taurine-containing uridine derivatives, 5-taurinom-
ethyluridine (τm5U) and 5-taurinomethyl-2-thiouridine
(τm5s2U), which were discovered in mammalian mitochon-
drial tRNAs, exist at the first position of the anticodon. In
this paper, we report the first efficient synthesis of τm5U
and τm5s2U and describe their physicochemical properties.
These modified ribonucleosides were synthesized by the
reaction of 5-substituted uridine derivatives with a tetrabu-
tylammonium salt of taurine that is highly reactive and well-
soluble in common organic solvents. UV and 1H NMR
spectrometric studies revealed the structural properties of the
taurine-containing base moieties and the sugar conformations
of these modified ribonucleosides.

A wide variety of base-modified ribonucleosides exist in
RNA.1 These modified nucleosides play crucial roles in specific
RNA molecules to realize their inherent functions based on the
unique structures. The proportion of the modified ribonucleo-
sides in tRNA is higher than that in other RNA species.2

Furthermore, a number of modified ribonucleosides are present
at the first position of the anticodon (the “wobble” position)3

and are involved in the codon-anticodon interaction.4

Unmodified uridine at the wobble position can recognize all
four nucleobases at the third position of the codon as a result
of its conformational flexibility. Hence, unmodified uridines at
the wobble position are frequently found in tRNA species that
recognize four synonymous codons present in Mycoplasma spp.
and mitochondria.5-8 On the other hand, uridines at the wobble
position are often post-transcriptionally modified in several
tRNAs. The 5-methyl uridine derivatives (xm5U) are known as
frequently occurring modified ribonucleosides.9 In particular,
5-aminomethyl uridine derivatives (xnm5U-type), that is, 5-me-
thylaminomethyl-modified uridines (mnm5(s2)U)9-11 and 5-car-
boxymethylaminomethyl-modified uridines (cmnm5(s2)U and
cmnm5Um),12-14 are found at the wobble position in several
tRNAs of prokaryotic or eukaryotic organelle that are respon-
sible for codons including purine bases (A or G) at the third
position.9

With regard to the sugar conformations, s2U derivatives are
fixed in the C3′-endo form of ribose puckering as a result of
the steric effect of the 2-sulfur atom and the 2′-oxygen atom.6,15

As a result, the xnm5s2U modification generally tends to
recognize adenine. However, these recognition characteristics
of xnm5(s2)U do not depend on the difference of the C5-
substituents. The chemical characteristics and structural features
of the C5-substituents of xnm5(s2)U, especially during the higher
recognition of G, are unknown.

We previously isolated and identified two novel base-modified
uridine derivatives, 5-taurinomethyluridine (τm5U, Figure 1, 1a)
in tRNAs for leucine and 5-taurinomethyl-2-thiouridine (τm5s2U,
Figure 1, 1b) in tRNAs for lysine, glutamine, and glutamic acid
from bovine and human mitochondrial tRNAs.16 These modified
nucleosides were found at the wobble position, which is
considered to be responsible for precise codon recognition. In
addition, the absence of these modified uridine derivatives causes
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mitochondrial encephalomyopathic diseases such as MELAS
(mitochondrial myopathy, encephalopathy, lactic acidosis and
stroke-like episodes)17 and MERRF (myoclonus epilepsy as-
sociated with ragged-red fibers).18

When the nucleoside is located at the wobble position, τm5U
recognizes purine bases (A or G) as well as the other xnm5U
derivatives. In vitro biochemical studies revealed that the
absenceof5-taurinomethylmodificationdecreasedGrecognition.19,20

As mentioned above, biological and biochemical studies of
RNAs including these two modified uridines, τm5U and τm5s2U,
have advanced significantly in recent years, whereas the
physicochemical studies on the same have not been successful
because these modified ribonucleosides exist only in a small
amount in vivo.

The chemical synthesis of these modified ribonucleosides will
contribute to understanding their chemical characters and
structural features. Furthermore, these synthetic nucleosides are
also useful for biological researches because they can be used
as substrates for many enzymatic reactions. From another point
of view, taurine is abundant in mammalian plasma, but its exact
functions in biochemical terms are still to be elucidated. In our
previous paper, we have briefly described the preliminary results
of the synthesis of these modified ribonucleosides.21 In this
paper, we wish to report an in-depth study of the synthesis of
these modified ribonucleosides and elucidate some physico-
chemical properties.

Chemical Synthesis of τm5U and τm5s2U. The first chemical
synthesis of τm5U and τm5s2U was achieved by the use of
5-hydroxymethyluridine derivatives (2a,b) as the starting mate-
rial (Scheme 1).21 In this reaction, NaH was employed as a base,
and the taurine residue was introduced directly.

However, this reaction required high temperature and a long
reaction time (95 °C, 7 days) because taurine is almost insoluble
in the solvent. Therefore, during the synthesis of τm5s2U, about
10% desulfurization was observed since hydroxide ion attack
at the C2 resulted in the elimination of SH- (Scheme 2).

For the efficient chemical synthesis of τm5s2U, the reaction
should be carried out under sufficiently mild conditions to
suppress the desulfurization. In this context, activation of both
the nucleophile (taurine) and the electrophile (5-substituted
uridine derivative) is necessary. A tetrabutylammonium salt of

taurine (Figure 2) was found to have good solubility in polar
as well as nonpolar organic solvents. In addition, the quaternary
ammonium salt of taurine is highly nucleophilic compared to
crystalline taurine because of the existence of the amino group
in the free form.

Next, a 5-pyrrolidinomethyluridine derivative (4a) was used
as the starting material (Scheme 3).22 The pyrrolidinyl group
of 4a was methylated by treatment with methyl iodide to afford
the corresponding quaternary ammonium group, which is a good
leaving group for the nucleophilic substitution at the 5-methylene
carbon. The resulting intermediate was allowed to react with
the tertabutylammonium salt of taurine in the mixture of CH3CN
and CH2Cl2. The reaction proceeded quickly at rt to give the
desired τm5U in 36% yield.

In a similar manner, we tried to synthesize the 2-thio
derivative. However, a complex mixture was obtained under
the same reaction conditions used for τm5U. The major side
reaction was desulfurization, which was confirmed by 1H NMR
spectroscopy.

This side reaction was probably caused by the methylation
of the 2-sulfur atom resulting in the 2-methylthio group
becoming a good leaving group when a hydroxide ion or the
primary amino group of taurine attacks on the C2 atom (Scheme
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FIGURE 1. 5-Taurinomethyluridine (τm5U, 1a) and 5-taurinomethyl-
2-thiouridine (τm5s2U, 1b).

FIGURE 2. Taurine tetrabutylammonium salt.

SCHEME 1. First Synthesis of τm5U and τm5s2U

SCHEME 2. A Mechanism of Desulfurization

SCHEME 3
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4).23 Since the chemoselective methylation of 4a is difficult,
we tried to use a more reactive substrate for the nucleophilic
substitution at the 5-methylene group.

An alternative route to synthesize 5-aminomethyluridine
derivatives involves a 5-chloromethyluridine intermediates.24

A 5-hydroxymethyluridine derivative (2a) was treated with
trimethylsilyl chloride (TMS-Cl) in dioxane to form the
5-chloromethyluridine intermediate. During this reaction, a
partial removal of the 2′,3′-O-isopropylidene protecting group
was observed by TLC monitoring of the reaction mixture.
Upon adding acetone to the reaction mixture and stirring for
2.5 h, the missing 2′ ,3′-protection was recovered. After
removal of the excess amount of TMS-Cl and solvents, a
tetrabutylammonium salt of taurine was allowed to react with
the 5-chloromethyluridine derivative in dioxane at rt for 1 h.
After workup and purification, the desired τm5U was obtained
in 30% yield (Scheme 5). Applying the same reaction
conditions to the 2′,3′-O-protected 5-hydroxymethyl-2-thiou-
ridine, τm5s2U was obtained in 16% yield. Noteworthy, no
detectable desulfurization was observed by the reverse-phase
HPLC (RP-HPLC) analysis of the crude product.

Liquid chromatography/mass spectrometry (LC/MS) spec-
trometry analyses of the products revealed that these chemically
synthesized nucleosides were in accord with those isolated from

bovine mitochondria tRNAs. The nucleosides were eluted at
the same retention time, and the CID fragment patterns and
NMR spectra of those were identical.16 These nucleosides (1a,
1b) are stable as uridine or 2-thiouridine and are soluble in H2O
and common aqueous buffers but insoluble in alcohols such as
EtOH.

UV Absorption Spectra of τm5U and τm5s2U. The UV
spectra of τm5U and τm5s2U were measured in the pH range
of 1.0-13.0 (Figure 3). The UV spectra for the pH range
1.0-7.4 were nearly the same for both. The values of λmax

for τm5U and τm5s2U were at 265 and 274 nm, respectively,
and the value of λmax for U was at 260 nm. These properties
of the nucleosides are similar to those of T (5-methyluridine).
The modification of an electron-donating group such as a
methyl or a methylene group at the C5 position of the uracil
ring increases the π-electron density of the pyrimidine.
Therefore, the C5 substitution resulted in a shift of the value
of λmax to a longer wavelength. Simultaneously, these data
showed that the 2-thio substitution of uridines resulted in a
larger shift of the value of λmax to long wavelengths than the
substitution at the C5 position.

In addition to the distortion due to 2-thio substitution, a
prominent peak was observed at 241 nm under alkaline
conditions, which is a characteristic feature of 2-thiouridine
derivatives.

As the pH was increased to around 9.0, the behavior of both
τm5U and τm5s2U changed and their λmin values showed a
significantly shallow profile. The results suggest that the
deprotonation/protonation of these uracils occurs when the pH
is around 9.0. Such a low pKa of protonation/deprotonation is
possible because of the presence of a positively charged group
in the 5-substitiuent.

Proportions of Ribose Puckering from 1H NMR. We
calculated the conformation of the ribose rings of τm5U and
τm5s2U from the 1H NMR spectra25 and compared them to
those calculated from unmodified and 5-carboxymethylami-
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SCHEME 4

SCHEME 5 FIGURE 3. pH dependence of the UV spectra of (A) τm5U and (B)
τm5s2U: (a) 0.1 M HCl (pH 1.0), (b) 0.1 M sodium citrate buffer (pH
5.0), (c) 0.1 M HEPES-KOH (pH 7.4), (d) 0.1 M sodium carbonate
buffer (pH 9.0), and (e) 0.1 M NaOH (pH 13.0).
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nomethyl uridines. The conformation of s2U derivatives is
generally fixed in the C3′-endo form of ribose puckering due
to the large van der Waals radius of the 2-sulfur atom. The
fractional populations of the C3′-endo form for both τm5U
and τm5s2U were determined as 60% and 80%, respectively,
whereas for U it was 53%. These results suggest that
taurinomethyl modification would involve the ribose con-
formation to some extent.

We succeeded in the chemical synthesis of τm5U and
τm5s2U under milder conditions by the use of a tetrabuty-
lammonium salt of taurine, which is sufficiently reactive and
well-soluble in many organic solvents. Some of the structural
properties of τm5U and τm5s2U were revealed by UV and
1H NMR spectroscopy. The chemical synthesis of these
nucleosides including these modified bases will contribute
to further studies of τm5U and τm5s2U concerning the ability
and mechanism of codon-anticodon recognitions. These
nucleosides will be useful not only for physicochemical
analyses, but also as substrates for the synthesis of RNA
oligomers by an enzymatic or chemical approach. The
chemical synthesis of RNA oligomers including these modi-
fied ribonucleosides is now underway.

Experimental Section

5-Taurinomethyluridine (1a). Method A (Scheme 3). To a
solution of 2′,3′-O-isopropylidene-5-pyrrolidinomethyluridine (4a,
36.7 mg, 0.1 mmol) in dry CH3CN (1 mL) under an argon was
added dropwise CH3I (62 µL, 1 mmol). After the mixture was stirred
at rt for 16 h, CH3I and CH3CN were removed under reduced
pressure. The mixture was dissolved in CH3CN (1 mL), and
tetrabutylammonium 2-aminoethanesulfonate (0.3 mmol) was added
in dry CH2Cl2 (1 mL). After being stirred at rt for 1 h, the mixture
was concentrated under reduced pressure, and the excess amount
of taurine was removed by reverse-phase chromatography using a
column of SEPABEADS SP700 (15 × 40 mm) with MeOH/H2O
(2:3, v/v) as an eluent. The fractions containing 3a was collected
and concentrated under reduced pressure, and 10% of the mixture
was purified by RP-HPLC. The resulting 3a was treated with 90%
formic acid aqueous solution at rt for 12 h. The solution was then
passed through a column of Dowex 50Wx8 (H+ form, 5 × 20 mm)

and concentrated to dryness under reduced pressure to give 1a (3.62
µmol, 36%26 from 4a) as a colorless amorphous solid.

Method B (Scheme 5). 2′,3′-O-Isopropylidene-5-hydroxym-
ethyluridine (2a, 0.157 g, 0.5 mmol) was dried by repeated
coevaporation with dry 1,4-dioxane and dissolved in dry 1,4-dioxane
(5 mL). To the solution under an argon was added dropwise TMS-
Cl (0.31 mL, 2.5 mmol). After being stirred at 60 °C overnight,
the solution was cooled to rt, and dry acetone (5 mL) was added.
After the mixture was stirred for 2.5 h, TMS-Cl and acetone were
removed under reduced pressure. To the mixture was added
tetrabutylammonium 2-aminoethane sulfonate (1.5 mmol) in dry
1,4-dioxane (2 mL). After stirring at rt for 1 h, the mixture was
concentrated under reduced pressure and 2.5% of the mixture was
purified in a manner similar to Method A to give 1a (3.72 µmol,
30%26 from 2a). UV (H2O) λmax ) 265 nm (ε265 ) 1.0 × 104, ε260

) 1.0 × 104); 1H NMR (300 MHz, D2O) δ 8.22 (1H, s), 5.90 (1H,
d, J ) 3.3 Hz), 4.33 (1H, dd, J ) 4.5 Hz, 4.2 Hz), 4.23 (1H, dd,
J ) 5.7 Hz, J ) 5.4 Hz), 4.16 (1H, m), 4.08 (2H, s), 3.90 (2H, m),
3.49 (2H, t, J ) 6.6 Hz), 3.30 (2H, t, J ) 6.6 Hz); 13C NMR (75.45
MHz, D2O) δ 167.3, 154.1, 146.0, 107.3, 92.6, 87.0, 76.8, 71.8,
63.2, 49.2, 47.0, 45.4; HRMS (ESI) m/z calcd for C12H18N3O9S-

[M - H]- 380.0764, found 380.0768.
5-Taurinomethyl-2-thiouridine (1b). Method C (Scheme 5).

This compound was obtained from 2b in a manner similar to the
synthesis of 1a as described in Scheme 5 to give 1b (1.95 µmol,
16%26 from 2b) as a colorless amorphous solid, except for the
purification by RP-HPLC after the treatment with 90% formic acid
aqueous solution. UV (H2O) λmax ) 274 nm (ε274 ) 1.5 × 104, ε260

) 1.0 × 104); 1H NMR (300 MHz, D2O) δ 8.48 (1H, s), 6.51 (1H,
s), 4.41 (1H, s), 4.20 (2H, m), 4.10 (2H, s), 3.98 (2H, m), 3.50
(2H, t, J ) 6.6 Hz), 3.30 (2H, t, J ) 6.6 Hz); 13C NMR (75.45
MHz, D2O) δ 180.0, 170.7, 141.9, 117.8, 96.3, 86.3, 77.7, 71.0,
62.5, 52.4, 47.9, 45.7; HRMS (ESI) m/z calcd for C12H18N3O8S2

-

[M - H]- 396.0535, found 396.0517.
UV Absorption Measurements of τm5U and τm5s2U. The UV

spectra were measured at several pH values: 0.1 M HCl, 0.1 M
sodium citrate buffer (pH 3.0), 0.1 M HEPES-KOH (pH 7.4), 0.1
M sodium carbonate buffer (pH 9.0), and 0.1 M NaOH. Background
was measured with each buffer.
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(26) The yields of the products were estimated by 1H NMR using the
integration value of CH3CN as an internal standard.

TABLE 1. Calculated Ribose Puckering from the Coupling
Constantsa

J1′2′ (Hz) J3′4′ (Hz) %[C3′-endo]

τm5U 4.0 6.1 60b

cmnm5U 4.5 5.4 55b

U 4.6 5.2 53b

τm5s2U 2.0 c 80d

cmnm5s2U 2.1 6.0 74b

s2U 2.5 6.0 71b

a Measured by 600 MHz 1H NMR. b %[C3′-endo] ) J3′4′/(J1′2′ + J3′4′)
× 100 c Not detected. d %[C3′-endo] ) (10 - J1′2′)/10 × 100
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