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Rather than to attempt to summarize the vast contributions
made to the field of modified nucleosides over the past
40 years, this review aims to present a chronological and
somewhat personal account of how this area has developed
to the present state.
From 1965 onwards, one of the authors, Susumu
Nishimura, has been involved in studying modified
nucleosides in tRNA. Given that before this time little was
known about the principal players of protein synthesis, such
as the ribosomes, mRNA, tRNA and RNA polymerase, it
seems fitting to recount how the author, like many other
researchers from disparate disciplines, found himself drawn
into this fascinating research area after graduating from the
Department of Chemistry, Faculty of Science, University of
Tokyo in 1955.
Upon entering a graduate course within the Department of
Biochemistry and Biophysics, Faculty of Science, University
of Tokyo, his research project, under the direction of the
late Shiro Akabori, focused on the mechanism of protein
biosynthesis through studying the secretion of large amounts
of amylase by Bacillus subtilis. During this time, many
Japanese laboratories were deprived of important instruments
and biochemicals such as preparative ultracentrifuges,
liquid scintillation counters, spectrophotometers, ATP
and radioactive amino acids etc. Understandably, these
conditions made exploring the mechanism of protein
biosynthesis difficult within Akabori’s laboratory during the
period 1955 to 1960. Notwithstanding this, the motivation
and determination of researchers in the Akabori laboratory
remained unabated as they tackled this important and
fascinating research area. Incidentally, an Assistant Professor
in the laboratory, Masayasu Nomura greatly influenced
Nishimura’s work at that time and indeed afterwards.
Over the course of his PhD studies, Nishimura discovered
a B. subtlis purine-specific extracellular RNase, similar to
http://www.ias.ac.in/jbiosci

RNase T1, which had been isolated previously by F Egami
and K Asano (Nishimura and Nomura 1958; Nishimura
1960). In 1961, Nishimura joined the Biology Division,
Oak Ridge National Laboratory, Oak Ridge, Tennessee,
USA, for his postdoctoral training working under G David
Novelli. Novelli’s laboratory was famous for the cell-free
synthesis of β-galactosidase in the extracts derived from
Escherichia coli. Here, Nishimura examined the effect of B.
subtlis RNase on the cell-free protein synthesizing system
and found that E. coli tRNA was quite resistant to B. subtlis
RNase when incubated in the presence of magnesium ions
(Nishimura and Novelli 1963, 1964). An intriguing result
from this work was that in the presence of Mg2+, E. coli
tRNA could retain amino acid acceptor activity even after
partial hydrolysis by B. subtilis RNase, while its amino acid
transfer activity during protein synthesis was completely
abolished (Nishimura and Novelli 1965). This was one piece
of biochemical evidence that showed that tRNA has two
independent biological functions within a single molecule,
namely, amino acid acceptor ability and transfer activity
(Crick’s adaptor hypothesis1,2).
Continuing from this work, Nishimura moved to the
Institute for Enzyme Research, University of Wisconsin,
Madison, in 1963 to the laboratory of H Gobind Khorana.
The primary structure of tRNA was not elucidated in 1963. Later
it became clear why amino acid acceptor activity of tRNA
is resistant to treatment by purine-specific RNase, such as B.
subtilis RNase and RNase T1 in the presence of Mg2+. In the case
of pancreatic RNase treatment, the CCA terminal of tRNA is easily
cleaved even though tRNA retains secondary structure in the
presence of Mg2+.
1

Later it was proved that E. coli tRNAval1 was cleaved at the
anticodon position by B. subtilis RNase, to form two half molecules
(Harada et al 1971; Kimura et al 1971; Oda et al 1969).
2
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Originally, the project sought to derive large fragments
from yeast tRNAPhe using B. subtilis RNase or RNase T1
in the presence of Mg2+. This correlated with the attempts
by Khorana’s laboratory to determine the total nucleotide
sequence of yeast tRNAPhe. However, considering that this
project had not reached a stage ready for his participation,
Nishimura’s project in Khorana’s laboratory was shifted to
elucidating the genetic code (Nishimura et al 1964, 1965a,b).
The use of RNase T1 to isolate two half molecules from yeast
tRNAAla was successfully performed by Robert W Holley,
leading to the first ever determination of the total nucleotide
sequence of yeast tRNAAla (Holley et al 1965). Although
Holley cited Vernon H Ingram’s work in the paper (Litt and
Ingram 1964), he also personally acknowledged Nishimura
and Novelli’s contribution for the use of RNase T1 in the
presence of Mg2+, since Ingram’s use of this technique was
subsequent to their work.
In 1965, Nishimura returned to Japan to join the National
Cancer Center Research Institute, Tokyo, which had been
newly established by the Japanese government. There he
started a new research project focusing on the “Structure and
Function of E. coli tRNAs.” Of course, an understanding of
tRNA function was prerequisite to exploring the functioning
of the genetic code. Structural studies on yeast tRNA were
popular at that time whereas and only a few investigators used
E. coli tRNA, despite the fact that molecular genetic studies
were easier in E. coli. An additional strategy that Nishimura
adopted was the combined use of two different purification
procedures for the isolation of isoaccepting tRNA species
(RPC-5 and DEAE-Sephadex A-50 column chromatography).
Previously a single fractionation procedure such as counter
current distribution, RPC-5, or DEAE-sephadex column
chromatography were used for the isolation of isoaccepting
tRNAs from yeast and E. coli. Nishimura was convinced of
the usefulness of RPC-5 column chromatography developed
by Kelmers et al (1965) and DEAE-Sephadex A-50 column
chromatography developed by Cherayil and Bock (1965),
because of his personal communications with them. With
the kind help of Dr Shinichiro Esumi, Kaken Kagaku Co.
Ltd., the acquisition of large amounts of unfractionated E.
coli tRNA (~500 g) became possible (Nishimura et al 1967;
Nishimura 1971).
In 1966, Nishimura and his group started to determine
the nucleotide sequence of E. coli tRNAs using conventional
methods. This was about the time Fred Sanger and his
coworkers began to determine the sequence of various
E. coli tRNAs using the so called Sanger’s method which
benefited from the use of 32P-labelled tRNA. The 32Pmethod was quicker than the conventional sequencing
method and the sequence of E.coli tRNATyr was published
before Nishimura’s group finally completed the task, quite
a disappointment. However, Khorana wished to verify
the sequence determined using the 32P-method by the
J. Biosci. 31(4), October 2006

conventional method since he had the intentions to synthesize
the total E. coli suppressor tRNATyr through chemical means.
As a result, a collaboration was established between the
Nishimura’s and the Khorana’s groups. The study found two
unidentified modified nucleosides with no known chemical
structures; cited by Sanger’s group as A* and G* (Goodman
et al 1968) and speculated to be derivatives of adenosine and
guanosine respectively based on electrophoretic mobilities
and other properties. For this reason, among others, Nishimura
and his coworkers shifted their effort towards structural
determination of unknown modified nucleosides present in E.
coli tRNA. Thus, the A* located next to the anticodon of E.
coli tRNATyr2 was successfully identified as 2-methylthio-N6Δ2-isopenyladenosine (ms2i6A) as a result of a collaboration
between the Nishimura’s group, U L RajBhandary and H J
Gross (Harada et al 1968). A noteworthy contribution to
this work was the mass spectral analysis carried out by J A
McCloskey. Since then he has become a long-standing close
collaborator of Nishimura in the structural characterization of
various modified nucleosides in tRNA. An important aspect
regarding the characterization of ms2i6A was that its location
in tRNA molecule was known. This is an essential aspect
for understanding the function of modified nucleosides in
tRNA. In much of the original studies, the isolation and
characterization of modified nucleosides were performed
on yeast tRNA. D B Dunn and R H Hall were pioneers in
this respect and their work characterized various methylated
nucleosides, in addition to t6A (Hall 1971). In the majority of
cases, almost no information was available for their location
within the tRNA molecule because the primary structure of
most tRNAs had not been determined. A pioneering study
by Holley and his colleagues in 1964 determined the total
nucleotide sequence of yeast tRNAAla and assigned each of
the modified nucleosides to a specific location within the
tRNA molecule. It is noteworthy that inosine was found to
reside within the anticodon, suggesting an important role
for this modified nucleoside in tRNA function (Holley et
al 1965). Inosine was later shown to be a wobble base that
could recognize multiple codons, by Crick (1966) and Söll
et al (1966).
During the period 1968–1980, Nishimura’s group
were fortunate enough to successfully characterize ms2i6A
(Harada et al 1968), Q (Kasai et al 1975), manQ (Kasai
et al 1976), galQ (Kasai et al 1976), acp3U (Ohashi et al
1974), mt6A (Kimura-Harada et al 1972b), cmo5U (Murao
et al 1970), m1ψ (Pang et al 1982), ac4C (Ohashi et al 1972)
and s2C (Yamada et al 1970)3. Most of these modifications
were identified from E. coli tRNAs, but some were from
other sources such as galQ and manQ of bovine liver tRNAs
and m1ψ of archaebacterial tRNAs. These accomplishments
For the structure of these modified nucleosides and full names, see
Grosjean and Benne (1998).
3
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were only made possible through close and fruitful
collaborations with J A McCloskey, U L RajBhandary,
H J Gross, and K Nakanishi. As mentioned previously,
structural characterization of these modified nucleosides
was carried out in conjunction with their location within
the tRNA molecule, determined by nucleotide sequencing
of the corresponding tRNA. This approach was the essence
to successfully extracting the biological purpose of the
modified nucleoside. The following is a summary of the
accomplishments by Nishimura’s group in the early days
(1966–1983).
(i) The presence of specific modified nucleosides
adjoining the 3’-side of the tRNA anticodon, influences
the codon recognition of tRNA: It was shown that tRNAs
capable of recognizing codons starting with U almost always
contain isopentenyladenosine or its derivatives next to the
anticodon (Nishimura 1972; Nishimura et al 1969; Yamada
et al 1971). On the contrary, tRNA recognising codons
starting with A often contain t6A or its derivative (Nishimura
1972; Ishikura et al 1969; Kimura-Harada et al 1972a).
These results suggested that modified nucleosides at that
position were somehow important for correct recognition of
the codon. T Jukes commented on this observation, saying
that tRNA could be considered to have tetranucleotide codon
characteritics (Jukas 1973).
(ii) Modulation of codon recognition by a modified
nucleoside located at the first position of the anticodon:
Uridine-5-oxyacetic acid (cmo5U), located in the first
position of the anticodon of E. coli tRNA, can functionally
recognize more than one codon, as observed in the case of
inosine in yeast tRNAAla. E. coli tRNAVal1, which contains
cmo5U in the first position of the anticodon, has the ability
to recognize three valine codons (GUU, GUA, and GUG).
The molecular mechanism of how cmo5U performs this
feat was later thoroughly studied by S Yokoyama and his
colleagues (Ohashi et al 1970; Yokoyama et al 1985). By
contrast, 2-thiouridine derivatives such as mcm5s2U in E.
coli tRNAGlu function to restrict codon recognition to GAA
rather than GAG (Ohashi et al 1970). The most striking case
of this category is k2C of E. coli tRNAIleminor. Earlier research
by F Harada and S Nishimura found that E. coli tRNAIleminor
contained a unique modified nucleoside, named N+ at the first
position of the anticodon and that this modified nucleoside is
responsible for restricting recognition to AUA at the expense
of AUG (Harada and Nishimura 1974). Since AUG codes for
methionine, any ‘wobble’ that could bias AUG recognition
by tRNAIleminor would be lethal to E. coli cells, indicating that
this modification has a crucial role for E. coli viability. Later
structural studies defined N+ as k2C or lysidine (Muramatsu
et al 1988a, b). It was also shown that modification of U to
k2C alters not only codon recognition from AUG to AUA, but
also amino acid recognition of tRNAIleminor from methionine
to isoleucine (Muramatsu et al 1988a, b).
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(iii) Structural characterization of the modified nucleoside
queuosine and its unique biosynthesis (Nishimura 1983):
As mentioned previously, an unknown guanosine derivative,
G* was found in E. coli tRNATyr, located in the first
position of the anticodon (Goodman et al 1968). G*
designated as Queuosine (Q) was later found to be present
in four E. coli tRNAs (tRNATyr, tRNAHis, tRNAAsn and
tRNAAsp) which recognize the codons XAU and XAC
(X stands for A, G, U, and C) (Harada and Nishimura
1972). Its chemical structure was finally determined in
1975 by S Nishimura, J A McCloskey and their colleagues
(Kasai et al 1975b) and found to be quite unique, having
a 7-deazaguanosine with a cyclopentene diol moiety.
Incidentally, its structural characterization required more
than 100 g of unfractionated E. coli tRNA. Queosine was
present in almost all organisms examined, except for yeast
(Kasai et al 1975a) and is the only nucleoside analogue
found as a natural component of nucleic acids having
modifications in the skeleton. It should be noted that in the
case of mammalian cells, the cyclopentene diol moiety of
queuosine within tRNATyr and tRNAAsp is further modified
by the attachment of galactose and mannose, respectively
(Kasai et al 1976; Okada et al 1977a; Okada and Nishimura
1977).
The biosynthesis of queuosine in tRNA turned out to
be quite unique. W Farkas had reported the existence of
an enzymatic activity capable of incorporating labelled
guanine into mammalian tRNA (Farkas and Singh 1975).
However, the biological significance of this reaction was not
found. N Okada and S Nishimura showed that the reaction
was a base-exchange reaction of guanine for guanine in the
first position of anticodon of four E. coli tRNAs (tRNATyr,
tRNAHis, tRNAAsn and tRNAAsp), catalyzed by the enzyme
tRNA guanine transglycosylase (TGT) (Okada et al 1976;
Okada and Nishimura 1979). Further extensive investigations
showed that E. coli TGT catalyzes the incorporation of a Q
base (queuine) precursor, known as preQ1, into tRNA.
The Q1 base is then further converted to queuine whilst
in the tRNA through successive enzymatic steps carried
out by several other enzymes (Okada et al 1977b, 1978a,
1979; Noguchi et al 1978). In the case of mammalian
cells, TGT directly catalyzes the incorporation of queuine
into tRNA (Shindo-Okada et al 1980). TGT insertion of Q
base into tRNA by base-exchange reaction is the only posttranscriptional nucleic acid modification shown so far. It
was later shown that a queuine analogue is also incorporated
into archaebacterial tRNA, but its location is different from
that of prokaryotes and eukaryotes, being limited to the
D-stem region (Watanabe et al 1997). A report suggesting
that insertion of hypoxanthine into the first position of
the anticodon of mammalian tRNA occurs by a TGT-like
reaction to form inosine has not yet been validated (Eliott
and Trewyn 1984). In fact, inosine was shown to be formed
J. Biosci. 31(4), October 2006
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in the polynucleotide level by hydrolytic deamination of
adenosine to inosine (Grosjean et al 1996)
(iv) tRNA work on Thermus thermophilus and
archebacteria: In 1969, a collaboration started between S
Nishimura and K Watanabe. Watanabe began research on
tRNA isolated from the heat-resistant bacteria Thermus
thermophilus; an organism isolated and studied by his
supervisor T Oshima. T. thermophilus tRNA contained 5methyl-2-thiouridine (m5s2U) or 2-thioribothymidine (s2T)
instead of ribothymidine (T) in the TΨCG region (Watanabe
et al 1974) and the content of s2T in the tRNA increased
when this organism was grown at higher temperature,
suggesting that s2T influenced survival at high temperatures
(Watanabe et al 1976).
Watanabe and coworkers verified this notion using in
vitro and in vivo experiments. The in vitro experiment
(Watanabe 1981) examined poly(U)-dependent poly(Phe)
synthesis at 50oC, 65oC and 80oC using s2T-containing and
T-containing tRNAPhe, identical in all respects except for
the s2T and T. At 65oC the poly(U)-dependent poly(Phe)
synthesizing activity was almost the same, but at 80oC
the activity of s2T-containing tRNAPhe was 2 times that of
T-containing tRNAPhe, with the reverse being true at 50oC.
For the in vivo experiments (Watanabe et al 1981), tRNA
actively involved in protein synthesis was recovered from
polysomes isolated from bacterial cells grown at 55oC, 65oC
and 77oC and the s2T content of each tRNA quantified. The
relative content of s2T in polysomes from cells grown at
77oC was much higher than that of the bulk tRNA from
whole cells grown at the same temperature. The situation
was reversed in cells cultured at 55oC. Thus, it was clear that
s2T is a key modification for tRNA stability and function at
elevated temperature.
Later it was also shown that archaebacteria contain
unique modified nucleosides, such as m1ψ in the TψCG
region (Kuchino et al 1982b).
(v) Elucidation of the nature of tumour specific tRNAs:
There had been many reports and speculation regarding
tumour specific tRNAs. Various distinctive tRNA species
were found in tumour cells, identified by their altered elution
profile relative to normal tissue. It was assumed, though not
proven, that these new tRNA species could function to
regulate tumour phenotype. Y Kuchino and S Nishimura
were the first to show that the unique tRNA species found
in cancer cells were due to differing extents of the posttranscriptional modification as opposed to the transcription
of novel tRNA genes. In most cases, tRNA from tumour
cells is undermodified in the anticodon region, as is the case
for tRNAPhe lacking Y-base, which surprisingly contains a
methylated guanosine in its place rather than being simply
undermodified (Kuchino et al 1979, 1982a). Incidentally,
detection of another hypo-modification, that of Q base can
be easily detected by TGT mediated guanine incorporation
J. Biosci. 31(4), October 2006

into the tRNAs from the tumour cells (Okada et al 1978).
The question still remains whether tRNA undermodification
in the tumour cells is of biological significance.
The work by Nishimura and his group helped establish
a tradition of tRNA modification research in Japan.
This is exemplified by the work on lysidine carried out
by S Yokoyama and colleagues (Yokoyama et al 1985;
Muramatsu et al 1988a, b) and the work on modified
nucleosides in mitochondrial tRNA by K Watanabe and his
colleagues, described below. In comparison to E. coli tRNA,
it was difficult to obtain adequate amounts of mammalian
mitochondrial tRNA for structural characterization of
modified nucleosides. Watanabe and his colleagues tackled
this issue and were the first ones to establish a method
for large-scale isolation of bovine mitochondrial tRNA. J
Moriya and coworkers in Watanabe’s group first focused
on the methionine tRNA (tRNAMet) of bovine mitochondria.
Given that only a single tRNAMet gene exists in the
mitochondrial genome yet the genetic code for methionine
was either AUG or AUA, tRNAMet had the possibility of
being modified within the anticodon. After considerable
effort they purified 1 mg of tRNAMet from 100 kg of bovine
liver using several column chromatography steps and found
a novel modified nucleoside at the first position of the
anticodon named 5-formylcytidine (f5C), in collaboration
with J A McCloskey’s laboratory at the University of Utah
(Moriya et al 1994, figure 1).
To examine the decoding capacity of f5C, C Takemoto
in Watanabe’s group constructed an in vitro translation
system from bovine mitochondria in collaboration with
L L Spremulli’s laboratory at North Carolina University,
USA (Takemoto et al 1995; Takemoto C, Sperumuli L
L, Benkoliski L, Ueda T, Yokogawa T and Watanabe K,
unpublished results). By using synthetic mRNAs consisting
of either eleven repeat AUG or AUA triplets [(AUG)11 or
(AUA)11], it was proven that mt tRNAMet possessing f5C was
fundamental to poly(Met)-synthesizing activity on (AUG)11
or (AUA)11 templates. This was the first experimental
verification that the AUA codon of animal mitochondria was
decoded not as Ile but as Met. Furthermore, it was confirmed
that f5C at the first position of the tRNAMet anticodon is
absolutely required to decode AUA as Met, because neither
E. coli tRNAMetm possessing 4-acetylcytidine (ac4C) nor
bovine cytosolic tRNAMeti possessing unmodified C at the
anticodon first position could recognize the AUA codon
as Met. Thus, it became evident that the AUA codon is
translated not as Ile but Met.
1
H-NMR analysis showed that f5C has a normal amino
tautomeric form at position 4 of the base moiety, indicating
the presence of an intramolecular hydrogen bond between
the carbonyl of the 5-formyl group and the 4-amino proton
(Kawai et al 1994, figure 2). Further analysis revealed that
f5C is one of the most conformationally rigid nucleosides
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analysed to date, taking the C3’-endo-anti form which may
contribute to the codon recognition capabilities of tRNAMet.
As the isolation of mitochondrial tRNAs in the amounts
required for structural studies is an extremely laborious task,
Tsutomu Suzuki in Watanabe’s group developed a method to

Figure 1. Nucleotide sequence of tRNAMet from bovine
mitochondria (upper left) and the chemical structure of 5formylcytidine (f 5C) found within the first position of the tRNA
anticodon (lower right).

469

efficiently isolate specific isoacceptor tRNAs in a single step
using a so called Chaplet column chromatography (Suzuki
et al 2002; Kaneko et al 2003; Suzuki T 2005). For the
structural characterization of modified nucleosides advanced
LC/MS/MS technology has been adopted (Noma et al 2006;
Ikeuchi et al 2006). Following from these advancements
they have characterized the structure of taurine-containing
uridine derivatives and found that they are important for
mitochondrial tRNA function and mitochondrial diseases,
as described below.
Since 1995 Watanabe’s group has collaborated with
S Ohta’s group in Nippon Medical School pursuing the
idea that mitochondrial (mt) translation research, which
Watanabe’s group has focused for over ten years, might
clarify the molecular basis of mitochondrial diseases, an
area that Ohta’s group is specialist in. Importantly, such
representative types of mitochondrial diseases do exist.
MELAS (mitochondrial myopathy, encephalopathy, lactic
acidosis, and stroke-like episodes) (Kobayashi 1990; Goto
et al 1990) and MERRF (myoclonus epilepsy associated
with ragged-red fibers) (Shoffner et al 1990) originate from
point mutations in mt tRNA genes. An A to G transition at
position 3243 of tRNALeu(UUR) gene occurs in about 80% of
the MELAS patients (Kobayashi 1990; Goto et al 1990)
and a T to C transition at position 3271 of the same tRNA
occurs in about 10% of the patients (Goto 1991). In most of
the MERRF patients an A to G transition at position 8344 of
tRNALys occurs (Shoffner et al 1990), see figure 3.
T Yasukawa, a graduate student in Watanabe’s laboratory,
succeeded in isolating a mutant tRNALeu(UUR) (tRNALeu
corresponding to the UUR codons) from a MELAS-derived
hybrid cell line (artificially fused cells which contain a wildtype nucleus and a mutant mitochondria) which were cultured
on a large scale under the instruction of Ohta. Yasukawa

Figure 2. Base-pairing model of f5C-G (left) and f5C-A (right). A shift of the C1’ carbon of f5C relative to the protonated adenosine would
be required where the C1’ carbon of A or G in the mRNA is fixed.
J. Biosci. 31(4), October 2006
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found that the wild-type tRNALeu(UUR) had an unknown
modified nucleoside at the first position of the anticodon, but
in tRNALeu(UUR) harbouring an A3243G or T3271C mutation,
the position was occupied by an unmodified U (Yasukawa
et al 2000b). Since the entire nucleotide sequence, other than
the first position of the anticodon was identical between the
wild-type and mutant tRNALeu(UUR) it can be deduced that
this defect originates from an inability of the modifying
enzyme to recognize the mutant tRNA. The same results
were obtained in the case of MERRF mutants (Yasukawa
et al 2000a). These modification defects were also detected
in the native tRNAs isolated from actual patient tissues
(Kirino et al 2005).
Another graduate student in Watanabe’s laboratory, Takeo
Suzuki, found two novel modified uridines with molecular
weights of 381 and 397 at the first anticodon position of
tRNALeu(UUR) and tRNALys, respectively. Using an elaborate
high-resolution mass spectrometry equipped with Fouriertransforming ion cyclotron mass analysis (FT-ICR MS), he
determined the molecular formula for these compounds.
Combining the information from split pattern analysis by
collision-activated estrangement with structural analysis
by high-resolution NMR, these new modified nucleosides
were deduced to be 5-taurinomethyluridine (τm5U) and
5-taurinomethyl-2-thiouridine
(τm5s2U),
respectively
(figure 4). The chemical structures were finally verified
from a detailed comparative analysis of these nucleosides
against the authentic chemically synthesized samples in
collaboration with K Saigo and T Wada from the University
of Tokyo (Suzuki et al 2002). These 2 modified uridines

were the first example of modified nucleosides to include a
sulfuric acid group in their side chains.
It turned out that τm5U also exists in tRNATrp and that
5 2
τm s U can also be found in tRNAGlu and tRNAGln. It is
known that any tRNA possessing unmodified uridine at the
first position of the anticodon can decode all 4 codons in the
mitochondrial translation systems. On the other hand, tRNA
possessing modified uridine at this position is restricted
to decode only NNR (R=A, G) codons in two-codon sets
(Watanabe and Osawa 1995). Thus, it was possible that the
mutant tRNAs lacking the τm5U or τm5s2U modifications
can decode all 4 codons instead of 2 NNR codons, adversely
affecting translation fidelity. Therefore, Watanabe’s group
examined the translation activity of the A8344G-mutant
tRNALys in the in vitro bovine mitochondria translation
system developed in his laboratory. Remarkably, the mutant
tRNA lacked translation activity with both AAA and AAG
codons resulting in a total loss of protein synthesis activity
(Yasukawa et al 2002).
Therefore, in MELAS a wild-type-like tRNA lacking only
the taurine modification selectively influences translation
activity depending on the position of the mutation. Kirino, a
graduate student in Watanabe’s laboratory, purified the wildtype tRNALeu(UUR) on a large scale from about 27 kg of human
placenta and constructed the wild-type-like tRNALeu(UUR)
lacking only the taurine modification by molecular surgery
(accomplished by site-selective excision and re-linkage
of RNA fragments). When the translation activity of this
tRNA was measured using the in vitro translation system of
mitochondria, it was found the tRNA could decode the UUA
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Figure 3.
diseases MELAS and MERRF, respectively.
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and tRNALys linked to the mitochondrial
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Figure 4. Chemical structure of 5-taurinomethyluridine (τm5U) contained in tRNALeuUUR and tRNATrp (left), and that of 5-taurinomethyl2-thiouridine (τm5s2U) contained in tRNALys, tRNAGlu and tRNAGln (right).

Figure 5. Translational activity of the operated tRNALeu(UUR) without the wobble modification and of the MELAS mutant
tRNALeu(UUR)(Cherayil and Bock 1965). In vitro mt translation of test mRNAs containing the UUA (left), UUG (center), or UUC (right)
(negative control) codons was performed with wild type tRNALeu(UUR) (WT), operated tRNALeu(UUR) with an unmodified wobble uridine
(OP), and two MELAS mutant tRNAsLeu(UUR) that bear the A3243G (3243) or U3271C (3271) mutations and an unmodified wobble uridine.
The radioactivity of the input [3H]leucyl-tRNA in the reaction mixture was defined arbitrarily as 100. The averages of three independent
experiments with SD values are shown.

codon but not the UUG codon, both of which are Leu codons
(Kirino et al 2004, figure 5). Further, it turned out that the
loss of this translation activity resulted from an inability of
the tRNA to bind the ribosomal A site (Kirino et al 2004).
It has been reported that the enzymatic activity of ND6, a
subunit of the respiratory chain complex I, decreases rapidly
as the mutation rate at position 3243 increases (Dunbar
et al 1996). ND6 has an extraordinarily high content of UUG
codons among the 13 proteins encoded by the mitochondrial
genome (Anderson et al 1981), explaining why mutant

tRNA appears to specifically depress ND6 synthesis.
Satisfyingly, this result resolved a long-standing question of
why the activity of the respiration chain complex I decreases
drastically only in MELAS patients.
The taurine-deficiency found in MELAS and MERRF is
the first instance of a disease that originates from a disorder
in RNA modification. The concept of diseases arising from
RNA dysfunction has not been popular, since traditionally
most diseases have originated from protein disorders.
However, a complete analysis of the human genome has
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shown that about half of the genome is occupied by noncoding RNA genes which do not code for proteins (Katayama
et al 2005). Thus, it is highly likely that disorders in RNA are
at the root of at least some diseases; a possibility that could
bolster RNA research initiatives.
Concluding remark: Research on modified nucleosides
in tRNA has progressed enormously year by year to the
present day state and a book dedicated to the subject
published in 1998 and edited by H Grosjean and R Benne
(1998) is indicative of this. Therefore, what future directions
can we expect from the study of modified nucleosides? E
Borek, a pioneer of research in nucleic acids modification,
once noted that very few enzymes are needed for the
transcription of tRNA whereas a vast number participate
in its’ post-transcriptional modification. The tRNAs of each
organism probably contain around 50 modified nucleosides.
Most strikingly, some of these modified nucleosides such
as queuosine or its derivatives rely on multiple enzymes
for their complete biosynthesis. Thus, the total number
of enzymes involved in tRNA modification must be quite
large. These facts suggest that modified nucleosides in
tRNA have a very important role as shown for lysidine in E.
coli tRNAIleminor and taurine-containing uridine derivatives in
mitochondrial tRNA, discussed above. However, it should
be noted that many of the modified nucleosides investigated
only marginally affected tRNA function or cellular viability
when evaluated by aminoacylation reaction, in vitro protein
synthesis or cell growth. For example, queuine-deficient
E. coli mutants grow normally in rich medium. Growth
inhibition was only observed when the E. coli cells were
kept under unfavourable conditions (Noguchi et al 1982).
It is likely that many modified nucleosides simply tune
tRNA function. Such tuning might be necessary for the
survival of organisms in their natural environment. Perhaps
during evolution successive tRNA alterations by nucleoside
modification conferred greater efficiency or stability under
adverse circumstances. It is likely that tRNA has existed
since the earliest periods in the evolution of life and was
used in organisms not only as part of the protein biosynthesis
machinery but also for other cellular functions. W Farkas
and his colleague previously reported that germ free mice
lacking queuine in tRNA cannot survive on a diet lacking
the non-essential amino acid tyrosine, but can live on the
diet containing tyrosine (Marks and Farkas 1997) suggestive
of fundamental metabolic abnormalities. Pursuing new roles
of modified tRNA nucleosides in mammals could be assisted
through mouse gene targeting strategies.
The structural characterization of modified nucleosides
seems to have almost completely ceased now. As
discussed previously, structural determination of modified
nucleosides by mass spectrometry or NMR has advanced
substantially, allowing structural characterization using
very small amounts of materials. It would be interesting
J. Biosci. 31(4), October 2006

to investigate whether or not there are additional unknown
modified nucleosides in minor tRNA species or tRNA from
exotic organisms utilizing the most advanced technologies
available today. The structural characteristics of modified
nucleosides found thus far will continue to facilitate the
discovery of novel functions and assist our understanding
of how these diverse modifications have contributed to the
evolution of life.
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