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ABSTRACT

We have investigated the specificity of the eukaryotic enzymatic machinery that transforms adenosine at position 37
(39 adjacent to anticodon) of several tRNAs into threonylcarbamoyladenosine (t 6A37). To this end, 28 variants of yeast
initiator tRNA Met and yeast tRNA Val, devoid of modified nucleotide, were produced by in vitro transcription with T 7

polymerase of the corresponding synthetic tRNA genes and microinjected into the cytoplasm of Xenopus laevis
oocytes. Threonylcarbamoyl incorporation was analyzed in tRNA transcripts mutated in the anticodon loop by sub-
stitution, deletion, or insertion of nucleotides, or in the overall 3D structure of the tRNA by altering critical tertiary
interactions. Specifically, we tested the effects of altering ribonucleotides in the anticodon loop, changes of the loop
size, perturbations of the overall tRNA 3D structure due to mutations disruptive of the tertiary base pairs, and
truncated tRNAs. The results indicate that, in addition to the targeted A 37, only U 36 was absolutely required. However,
A38 in the anticodon loop considerably facilitates the quantitative conversion of A 37 into t 6A37 catalyzed by the en-
zymes present in X. laevis . The anticodon positions 34 and 35 were absolutely “neutral” and can accept any of the four
canonical nucleotides A, U, C, or G. The anticodon loop size may vary from six to eight nucleotides, and the anticodon
stem may have one mismatch pair of the type A pC or GpU at location 30–40 without affecting the efficiency of t 6A37

formation and still t 6A37 is efficiently formed. Although threonylcarbamoylation of A 37 occurred with tRNA having
limited perturbations of 3D structure, the overall L-shaped architecture of the tRNA substrate was required for
efficient enzymatic conversion of A 37 to t 6A37. These results favor the idea that unique enzymatic machinery located
in the oocyte cytoplasm catalyzes the formation of t 6A37 in all U 36A37-containing tRNAs (anticodon NNU).

Microinjection of the yeast tRNA Meti into the cytoplasm of X. laevis oocytes also revealed the enzymatic activities
for several other nucleotide modifications, respectively m 1G9, m2G10, m2

2G26, m7G46, D47, m5C48/49, and m 1A58.

Keywords: anticodon; identity elements; initiator tRNA Met ; maturation; microinjection; modifying enzymes;
threonylcarbamoyl-adenosine; Xenopus laevis

INTRODUCTION
Upon transcription, the primary transcripts are sub-
jected to a series of posttranscriptional maturation steps,

such as trimming of 39 and 59 ends, addition of the
CCA 39-end, modifications of several ribonucleotides
at the level of the base and/or the 29-hydroxyl of ri-
bose, possible base conversion (editing), and intron
splicing. These are catalyzed by a battery of so-called
maturation enzymes. In eukaryotic cells, most of these
enzymatic events occur in the nucleus and few of the
final maturation steps take place in the cytoplasm
and/or in mitochondria (for reviews see Hopper &
Martin, 1992; Martin, 1995; Westaway, 1995).

Among the large variety of modified nucleotides that
are formed during this complex multienzymatic matu-
ration process (see in Limbach et al., 1994; Grosjean
et al., 1995), formation of N 6-threonylcarbamoyl-adeno-
sine (t6A) is of special interest. Indeed, this hyper-
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modified adenosine derivative is always located at
position 37, adjacent to the 39 side of anticodon, in
almost every tRNA reading ANN codons (N being one
of the four canonical nucleotides A, C, G, or U) (re-
viewed in Tsang et al., 1983; Björk, 1995a). In a few
tRNAs, t6A37 is further methylated on the N 6-carbamoyl
group into N 6,N 6 methylthreonylcarbamoyl adenosine
(m6t6A37) and it may also contain a methylthio group
in position 2 of the purine ring (ms2t6A37) or a methyl
group on the threonyl moiety (hnt6A). Sometimes a
glycyl group can be found in place of the threonyl
group (g6A37) (see Fig. 1). Together with N 1-methyl-
guanosine (m1G), also found next to the 39 end of the
anticodon, t6A (or its derivatives) is the only modified
nucleotide that exists in tRNAs of all kingdoms: eu-
bacteria, eukaryotic organisms, and archaebacteria;
also in mycoplasma, mitochondria, and chloroplasts
(Grosjean et al., 1995). Enigmatic exceptions are the
initiator tRNAMet(anticodon CAU) of prokaryotes,
mitochondria, chloroplasts, and archaeabacteria har-
boring an unmodified A37 or m1G37, whereas the cy-
toplasmic initiator tRNAMet of eukaryotes and plants
always contain t6A37 (see in Sprinzl et al. However,
when microinjected into the cytoplasm of Xenopus lae-
vis oocyte, naturally unmodified A37 in Escherichia coli
initiator tRNAMet became rapidly fully modified into
t6A37 (Grosjean et al., 1987). This suggests that a pe-
culiarity of the enzymatic machinery, rather than the
intrinsic structural property of the tRNA molecule it-
self, like a particular rigidity of the G-C rich anticodon
stem (Schweisguth & Moore, 1997), should explain
the lack of t6A37 in naturally occurring prokaryotic,
mitochondrial, and archaeal initiator tRNAMet. The
omnipresence of t6A37 in most tRNAs harboring the

anticodon NNU in all living cells suggests that this
particular hypermodified nucleotide may play an es-
sential role in tRNA functions (discussed in Weissen-
bach & Grosjean, 1981; Grosjean & Houssier, 1990; Björk,
1995b).

The biosynthesis of t6A37 was initially studied in
vivo (Chheda et al., 1972; Powers & Peterkofsky, 1972),
showing that the side chain of t6A is derived from
L-threonine (Fig. 1). For in vitro studies, t6A-deficient
matured E. coli tRNAs were obtained from a threonine-
starved culture of an E. coli strain (Elkins & Keller,
1974; Körner & Söll, 1974), whereas precursor tRNAs
lacking all modified nucleotides are now currently ob-
tained by in vitro transcription of natural tRNA genes
(Zeevi & Daniel, 1976; Koski & Clarkson, 1982) or even
by total chemical synthesis (Perreault et al., 1989; Bratty
et al., 1990). These natural or synthetic tRNAs have
been used as substrates for the threonylcarbamoyl-A37-
forming enzymes present in extracts of E. coli, yeast, or
X. laevis kidney cells. However, the extent of t6A37 for-
mation in such in vitro reactions is generally low. One
reason may be the instability of the tRNA modification
machinery in vitro (Elkins & Keller, 1974). Inadequate
experimental in vitro conditions may also contribute
to the low efficiency. Indeed, the enzymatic reactions
involve a bicarbonate-dependent incorporation of
L-threonine, ATP, and Mg21 (Elkins & Keller, 1974;
Körner & Söll, 1974), attesting for a yet unidentified
activated intermediate. However, the possibility that
carbamyl-phosphate is one of the required intermedi-
ates has been ruled out (Powers & Peterkofsky, 1972).
Also, several enzymes are most probably involved in
catalyzing this complex modification in tRNAs. Fi-
nally, the type of tRNA substrate used in the incuba-
tion mixture may also be a problem. Using transcripts
of a gene with two E. coli tRNAs in tandem (tRNAThr–
tRNAGly —both harboring an NNU type of anticodon)
and dialyzed S100 E. coli cell extract supplemented
with various cofactors, allowing the simultaneous for-
mation of different types of modified nucleotides, Zeevi
and Daniel (1976) demonstrated that t6A37 was formed
in the tandem precursor tRNA substrates together with
a few other modifications (m7G46, T54, and C55). On
the other hand, using transcripts of X. laevis initiator
tRNAMet gene and S100 cell-free extracts prepared from
cultured X. laevis kidney cells, Koski and Clarkson
(1982) reported that threonylcarbamoylation was in-
troduced only after the maturation of the 59 and 39
termini and after the formation of several other mod-
ified nucleotides in the primary transcript (m1G9,
m2G10, m2G26, m7G46, D47, and m1A58). This observa-
tion fits with those of Harada et al. (1984), showing
that two naturally occurring tRNA precursors, isolated
from HeLa cells (pre-tRNAMet and pre-tRNALeu) still
containing 59 and 39 unprocessed ends, were under-
modified compared to the fully matured correspond-
ing tRNAs. Among the missing modified nucleotides

FIGURE 1. Schematic representation of N 6-threonylcarbamoyl-
adenosine (t6A) structure. This hypermodified nucleotide is always
located at position 37 in almost every tRNA reading ANN codons
(N 5 A, C, G, or U). In few tRNAs, t6A37 is further methylated on the
N 6-carbamoyl group to N 6,N 6 methylthreonylcarbamoyl adenosine
(m6t6A37). It may also contain a methylthio group in position 2 of the
purine ring (ms2t6A37) or a methyl group on the threonyl moiety
(hnt6A). Sometimes a glycyl group can be found in place of the
threonyl group (g6A37) (see Sprinzl et al., 1996).
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was t6A. Therefore, it might be that enzymatic forma-
tion of t6A37 is dependent on the presence of other
modified nucleotides in tRNA and/or on the integrity
of the tRNA 3D architecture to which the presence of
certain modified nucleotides may contribute (discussed
in: Björk, 1995a; Steinberg & Cedergren, 1995; Grosjean
et al., 1996). Alternatively, it may be that t6A37 forma-
tion is one of the latest modifications that occurs in the
cytoplasm after the almost maturated eukaryotic tRNA
has crossed the nuclear pore.

To overcome most of the in vitro problems, we de-
cided to study the enzymatic formation of t6A37 by
microinjecting tRNA transcripts into X. laevis oocytes.
This in vivo system has the advantage of preserving
the integrity of the tRNA modification machinery as
well as containing all the necessary cofactors needed
to catalyze the formation of t6A37 and all the other
modified nucleotides that are normally present in a
given tRNA molecule (reviewed in Grosjean & Kubli,
1986; Grosjean et al., 1990, 1996). However, it should
not be forgotten that the oocytes are programmed to
fulfill a function of their own, which is not to serve just
as an in vivo test tube for biochemists, but to prepare
fertilization and embryogenesis. Therefore, the results
might also reflect in part some constraints of the bio-
logical system.

In this work, we studied the effects of various struc-
tural mutations in microinjected yeast initiator tRNAMet

and yeast tRNAVal on the formation of t6A37 catalyzed
by the modification enzymes present in the cytoplasm
of X. laevis oocytes. The results indicate that the iden-
tity of nucleotides at positions 36 and 37, and to a
lesser extent at position 38, within the anticodon loop
sequence of tRNAs, are important for efficient forma-
tion of t6A37. The anticodon loop structure and the
overall architecture of the tRNA substrate are also im-
portant, although limited structural changes in tRNA
3D structure do not dramatically affect the enzymatic
formation of t6A37.

RESULTS

Modification pattern of wild-type yeast tRNA Meti

microinjected into X. laevis oocytes

Yeast initiator tRNAMet naturally contains 11 modified
nucleotides (Fig. 2A) (Simsek & RajBhandary, 1972),
whereas X. laevis initiator tRNAMet, which differs from
yeast tRNAMeti in 18 positions (76% homology), con-
tains 8 modified residues (Fig. 2B) (Wegnez et al., 1975).
Out of these modified nucleotides, seven are common
to both tRNAs (m1G9, m2G10, t6A37, m7G46, D47, m5C48,
and m1A58). As indicated by arrows in Figure 2A
and B, yeast tRNAMeti contains D16 instead of unmod-
ified C16 in X. laevis tRNAMeti, m2

2G26 instead of m2G26,
m5C49 instead of unmodified G49, and a characteristic
O-ribosyl-59-phosphate purine at position 64 (Arp64)

that is present only in cytoplasmic tRNAMeti of yeast
(Keith et al., 1990) and plants (Kiesewetter et al., 1990).

To test whether the X. laevis modification machin-
ery was able to catalyze the formation of each indi-
vidual modified nucleotide normally present in yeast
tRNAMeti, we prepared four sets of runoff transcripts
of yeast synthetic wild-type tRNAMeti gene, each ra-
diolabeled with one of the four [a-32P]-triphosphate
nucleotides. They were microinjected into the cyto-
plasm of X. laevis oocytes. These microinjected tRNA
transcripts were fairly stable in the X. laevis oocyte be-
cause more than 90% of the amount of [32P]tRNAMeti

initially injected was routinely recovered as the main
radioactive band on a polyacrylamide gel after elec-
trophoresis (data not shown). The recovered full-length
tRNAMeti was extracted from the gel and then hydro-
lyzed into 59-mononucleotides with nuclease P1 and
into 39-mononucleotides with RNase T2. Each hydro-
lyzate was analyzed by 2D chromatography on thin-
layer cellulose plates, using two types of solvent
systems, as indicated in Materials and Methods.

Figure 3a, b, c, d, e, and f shows six of the most
representative autoradiograms of the 16 independent
analyses that were performed. The radioactive modi-
fied nucleotide in each spot on the TLC was identified
by comparison to reference maps (see Keith, 1995).
Information about their location in the precursor mol-
ecule was deduced from 39-nearest neighbor labeling
analysis. Only m2G from position 10 and m2G result-
ing from incompletely modified m2

2G at position 26
could not be evaluated independently. Indeed, the 39
neighbors of G10 and G26 are C in both cases (see
Fig. 2A).

Table 1 displays the yields obtained for nucleotide
modifications at nine distinct positions in the micro-
injected yeast tRNAMeti after 48 h incubation. Except
for m2

2G26, they all occurred at high yield (0.7–1.0 mol/
mol of tRNA). Figure 4A and B shows the time courses
for each of them in microinjected transcripts. Remark-
ably, the enzymatic formation of m1A58 in the TC loop
and t6A37 in the anticodon loop were the most efficient
ones. The kinetics of m2G formation corresponds to
the methylation of guanosine at both positions 10 and
26. It first increased up to 1.3 mol/mol of tRNA after
20–40 h incubation and then decreased because of the
conversion of the fraction of m2G26 into m2

2G26. A sim-
ilar observation was made earlier for the m2

2G26 for-
mation in microinjected yeast tRNAPhe (Grosjean et al.,
1990) and yeast tRNAAsp transcripts (Edqvist et al.,
1995). The lack of modification at position 64 was ex-
pected because the corresponding enzyme is only
present in the cytoplasm of yeasts and plants (Keith
et al., 1990; Kiesewetter et al., 1990). Only the absence
of D16 cannot be explained for the moment. Because
the enzymatic formation of m1G9, m2

2G26, m7G46, and
m5C49 are significantly slower than formation of t6A37,
one can suggest that threonylcarbamoylation of A37 is
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Lys (CUU and mcm5s2UUU), Ser (GCU), and Arg
(mcm5UCU). From the recent identification of all tRNA
genes in the yeast genome (El-Mabrouk & Lisacek,
1996), these tRNAs correspond to the complete set of
t6A-containing tRNA isoacceptors. Sequence compar-
ison of these tRNAs revealed, as already noticed by
others (Yarus, 1982; Tsang et al., 1983), an invariable
U36 on the 59 side and an A38 on the 39 side of the target
A37, in addition to the expected invariant and semi-
invariant nucleotides that are present in all tRNAs
(Grosjean et al., 1982). Assuming that only one enzy-
matic machinery exists in yeast to convert A37 into t6A37,
the characteristic trinucleotide sequence U36A37A38,
which is strictly conserved in all cytoplasmic t6A-
containing tRNAs from all kinds of organisms, might
therefore constitute a universal primary identity de-
terminant for the t6A37-forming enzymes. However,
because tRNAs are involved in so many different
biochemical processes, it could well be that the above
consensus is not only involved in the interaction with
a given modification enzyme.

Construction of yeast tRNA variants and
test for their ability to form t 6A37 after
microinjection into X. laevis oocytes

The 26 tRNAMeti variants we have constructed to solve
the problem of tRNA recognition by the t6A37-forming
enzymes present in the cytoplasm of X. laevis oocytes
are illustrated in Figure 5A, B, C, and D. To analyze the
importance of the conserved nucleotides present in the

anticodon loop for the formation of hypermodified
t6A37, we designed by point-mutation 10 variants of
yeast tRNAMeti for which one of the nucleotides at
positions 34, 35, 36, and 38 was mutated to one of the
other three canonical nucleotides. Three additional vari-
ants were designed to test the effect of a mismatch as
well as of an A-U base pair at positions 30–40 in the
anticodon stem. To test the importance of the anti-
codon loop size, we have deleted U33 or inserted an
additional C between C32 and U33 in the backbone of
yeast tRNAMeti, thus generating an anticodon loop of
six or eight nucleotides, respectively. The outcome of
local or global perturbations in the yeast tRNAMeti con-
formation was analyzed using eight additional vari-
ants holding mutations that disrupt and thereafter
restore tertiary interactions involved in the tRNA 3D

TABLE 1 . Type and location of modified nucleotides in tRNA.a

Modified nucleotides

Naturally occurring
tRNAMet initiator

from

Yeast tRNAMet

transcripts microinjected
into oocytes

Positions X. laevis Yeast Type Yield

9 m1G m1G G r m1G 0.9 6 0.1
16 C D U No modification
10126 m2G m2G G r m2G 1.3 6 0.1
26 m2G m2

2G m2G r m2
2G 0.4 6 0.1

37 t6A t6A A r t6A 1.1 6 0.1
46 m7G m7G G r m7G 0.9 6 0.2
47 D D U r D 0.8 6 0.1
48 m5C m5C C r m5C 0.7 6 0.1
49 G m5C C r m5C 0.7 6 0.1
58 m1A m1A A r m1A 1.0 6 0.1
64 U Arp A No modification

aOn the left is the information from sequence analysis in natu-
rally occurring tRNAMeti from X. laevis (Wegnez et al., 1975) and
yeast, respectively (Simsek & RajBhandary, 1972; see also Fig. 2). On
the right are molar yields of modified nucleotides (expressed in
mol/mol of tRNA) formed in microinjected transcript of yeast
tRNAMeti (mut#1) after 48 h incubation at 20 °C. Each value (mean 6
SD) was obtained from at least three kinetic experiments as shown
in Figure 4. Symbols and numbering rules are as in legend of Fig-
ure 2.

A

B

FIGURE 4. Time courses for the formation of the various modified
nucleotides in microinjected transcripts of yeast tRNAMeti (mut#1:
A1G, see Table 2). After the incubation, tRNAs [32P]-labeled with
either ATP, CTP, GTP, or UTP were gel purified and completely
degraded with either nuclease P1 or T2 into mononucleotides. Each
hydrolyzate was analyzed by 2D-TLC as described in Materials and
Methods. Estimation of the radioactivity in each spot, as detected in
Figure 3 for different incubation times, allowed us to determine the
molar ratio of each modified nucleotide versus unmodified ones. A:
Corresponds to the formation of t6A37 (C), D47 (m), m5C48 (▫), m5C49
(n), and m1A58 (d). B: Corresponds to the formation of m1G9 (n),
m2G10126 (Ä), m2

2G26 (1), and m7G46 (l).
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A C

B D

FIGURE 5. Designing of the yeast tRNAMeti variants to analyze structural requirements for the enzymatic formation of
t6A37. All the variants tested were derived from yeast tRNAMeti mut#1 (with mutation A1G, see Table 2). A: Mutations of
conserved nucleotides in the anticodon loop (mut#2–mut#11), mutations affecting the loop size (mut#12 and mut#13),
mutations in the anticodon stem (mut#14–mut#16), and mutations affecting the tertiary interactions in the tRNA (mut#17–
mut#24). B: Schematic drawing of the yeast tRNAMeti showing the tertiary interactions (dashed lines) that have been
mutated in the 3D core. C: Truncated chimerical tRNAMeti lacking D arm (mut#25). D: Truncated chimerical tRNAMeti

lacking T arm (mut#26). In both cases, nucleotides that differ from the wild-type sequence are boxed.
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core structure (Fig. 5B). The ability of two truncated
yeast tRNAMeti, of which either the D-stem-loop or the
T-stem-loop has been replaced by shorter oligonucle-
otides, were also tested. The first truncated tRNAMeti

(Met-deltaD, Fig. 5C) was obtained by replacing the
D-arm, T-arm, and variable region of the core se-
quence of yeast tRNAMeti by that found in bovine mi-
tochondrial tRNASer (Anderson et al., 1981). The second
minimalist tRNA-Meti (Met-deltaT, Fig. 5D) was ob-
tained by replacing the core sequence of yeast tRNAMeti

by that of the nematode worm Caenorhabditis elegans
mitochondrial tRNAMeti (Wolstenholme et al., 1987).
The conformations of these two minimalist yeast
tRNAMeti were probed by RNAse (Senger et al., 1995).
This analysis revealed a folding into an L-shaped ter-
tiary structure similar to the ones already described
for certain mitochondrial tRNAs (de Bruijn & Klug,
1983; Watanabe et al., 1994; reviewed in Steinberg
et al., 1994).

To test whether A37 in these tRNA variants can be
modified to t6A37, [a-32P] ATP-radiolabeled T7-runoff
transcripts of the corresponding tRNA genes were mi-
croinjected into the cytoplasm of X. laevis. After incu-
bation at 19 °C from 3 to 48 h, full-length transcripts
were recovered by gel electrophoresis and analyzed as
described above using nuclease P1. Under these con-
ditions, the formation of both t6A37 and m1A58 can be
determined in the same analysis, except for the frag-
mented tRNA lacking A58 (mut#25–mut#26). From
independent work, we knew that m1A58 formation cat-
alyzed by the oocyte methylase was independent of
the tRNA architecture (Grosjean et al., 1996). There-
fore, the specific effects of mutations on t6A37 forma-
tion was referred to those on m1A58 formation used as
an internal indicator. Figure 6a, b, c, and d shows au-
toradiographies of a few representative TLC plates.
Figure 7a, b, c, d, e, f, g, and h illustrates the time
courses obtained for the enzymatic formation of t6A37

and m1A58 in the most interesting tRNAMeti variants
tested. Table 2 reports all data obtained in this work,
not only with variants of tRNAMeti, but also with few
other tRNAs (see below).

U36 within the anticodon loop is a major
determinant for t 6A37 formation

Base substitution at either position 34 or 35 of the anti-
codon has no effect of the enzymatic formation of t6A37

(mut#2–mut#7 in Table 2; Fig. 6a,b). Interestingly, when
C34 was mutated to A34 (mut#2), this adenosine was
slowly but quantitatively modified into inosine (I34 in
Fig. 7a; see also Auxilien et al., 1996). When the so-
called cardinal nucleotide U36 (Yarus, 1982) was mu-
tated to A (mut#8), C (mut#9), or G (mut#10), no t6A37

was formed (Fig. 6c). In the case of U36 mutated into
A36 (mut#8), the adenosine-37 was now slowly mod-

ified to the N 6-isopentenyl derivative (i6A in Fig. 7b),
the degree of modification after 48 h incubation reach-
ing only 0.5 mol/mol tRNA. A low yield of t6A37 was
detected in a microinjected yeast tRNAMeti variant in
which both C32 and A38 were mutated, respectively, to
U32 and C38 (mut#11, in Fig. 6d, 7c; Table 2). Thus,
clearly t6A37 occurs in yeast tRNAMeti only when target
A37 is flanked with 59-U36. Any of the four canonical
nucleotides can be present in positions 34 and/or 35 of
the anticodon loop. The presence of an A38 enhanced
considerably the rate of the reaction.

Size of the anticodon loop and base pairs in
the proximal anticodon stem can be altered

The size of the anticodon loop and therefore its precise
conformation seems not to be an essential parameter
for tRNA recognition by X. laevis t6A-forming en-
zymes. Indeed, the deletion of U33 (mut#12) or the
addition of an extra C between C32 and U33 (mut#13),
leading to tRNA variants displaying mutated anti-
codon loop of six or eight nucleotides, respectively,

FIGURE 6. Autoradiograms of thin-layer cellulose plates obtained
after 2D chromatography of tRNA hydrolyzates of selected micro-
injected tRNAMeti variants. Transcripts of tRNAMeti gene were 32P-
labeled with ATP. They were incubated for 48 h at 20 °C in the
oocytes. Total oocyte RNA was phenol-extracted, gel-purified, and
submitted to complete hydrolysis with nuclease P1. Each hydrolyz-
ate was chromatographed using the “N/R” solvent system (a–d) as
described in Materials and Methods. Arrows indicate the direction
of migration in the first and second dimensions, respectively. a:
Formation of t6A37, m1A58, and I34 in tRNA mut#2 (C34A). b: For-
mation of t6A37 and m1A58 in tRNA mut#5 (A35G). c: Formation of
i6A37 and m1A58 in tRNA mut#8 (U36A). d: Formation of m1A58 and
trace amount of t6A37 in tRNA mut#11 (C32A38 r U32C38). Open
circles correspond to unlabeled 59 mononucleotide CMP (pC), UMP
(pU), and GMP (pG) as visualized under UV light. Free inorganic
phosphate is referred to as Pi.
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FIGURE 7. Time courses for the formation of modified adenosines in microinjected variants of yeast tRNAMeti (a–h),
variants of yeast tRNAVal (i), and E. coli tRNAThr (j). All transcripts were [32P]-labeled with ATP. All other experimental
conditions were as in Figure 4. In all panels, except panel i, the same symbols are used for t6A37 (d) and m1A58 (C). In panel
i, (▫) and (n) both correspond to t6A37, but in different tRNA (mut#Val-1 and mut#Val-2, respectively). Formation of I34 (n)
in tRNAMeti mut#2 (C34A) and of i6A37 (m) in tRNAMeti mut#8 (U36A) are shown in a and b, respectively. The other panels
correspond to tRNAMeti mut#11 (C32A38 r U32C38; c), tRNAMeti mut#14 (G30A, d), tRNAMeti mut#12 (deletion of U33,
e), tRNAMeti mut#17 (U8A14 r C8A14, f ), tRNAMeti mut#21 (G10C25U45 r C10G25U45, g), tRNAMeti mut#25 (D-stem/
loop deleted, h) and E. coli tRNAThr4/2 in j (see also Fig. 8).
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did not reduce substantially the potentiality of yeast
tRNAMeti to become modified to t6A37 (Fig. 7e; Table 2).

Moreover, tRNA variants that include a mismatch
base pair A30–C40 (mut#14), or a wobble pair G30–U40

(mut#15) or a Watson–Crick base pair A30–U40

[mut#16 —that was never found in these positions in
any cytoplasmic tRNA sequenced so far (Grosjean
et al., 1982; Sprinzl et al., 1996)], displayed t6A37 mod-
ification as in wild-type yeast tRNAMeti (Fig. 7d;
Table 2). These results are at variance with the earlier
prediction based on sequence comparison of t6A-
containing tRNAs because none of these tRNAs dis-

played a mismatched or wobble base pair in the
anticodon stem (Yarus, 1982; Tsang et al., 1983).

Only local perturbations of the
3D architecture are allowed

The crystal structure of yeast tRNAMeti is known at 3 Å
resolution (Basavappa & Sigler, 1991). We have inves-
tigated whether point mutations that perturb tertiary
interactions (see Fig. 5B) can affect the potentiality of
yeast tRNAMeti to be modified to t6A at position 37 in

TABLE 2 . Effects of mutations in various tRNAs on their capacity to become substrates for the t6A37 and m1A58 modifi-
cation machinery of X. laevis oocytes.a

Mutations Extent of modifications

Name Type t6A37 m1A58

Yeast tRNA initiator
tRNAMeti Wild-type ND ND
mut#1 A1 r G1 1.0 6 0.1 1.0 6 0.1

Mutations in the anticodon loop
mut#2 C34 r A34 1.0 6 0.2 1.0 6 0.1
mut#3 C34 r G34 1.1 6 0.2 0.9 6 0.1
mut#4 C34 r U34 1.2 6 0.2 0.9 6 0.1
mut#5 A35 r G35 1.1 6 0.2 1.0 6 0.1
mut#6 A35 r U35 1.2 6 0.2 1.0 6 0.1
mut#7 A35 r C35 1.0 6 0.1 1.0 6 0.1
mut#8 U36 r A36 0 6 0* 1.0 6 0.1
mut#9 U36 r C36 0 6 0 1.0 6 0.1
mut#10 U36 r G36 0 6 0 0.8 6 0.1
mut#11 C32 A38 r U32 C38 0.04 6 0.01 1.0 6 0.1

Mutations affecting loop structure
mut#12 Deletion of U33 0.8 6 0.1 0.9 6 0.1
mut#13 Addition of C329 0.8 6 0.1 0.8 6 0.1

Mutations in the anticodon stem
mut#14 G30 r A30 1.2 6 0.2 0.5 6 0.1
mut#15 C40 r U40 1.1 6 0.2 0.4 6 0.1
mut#16 G30 C40 r A30 U40 1.2 6 0.2 0.6 6 0.1

Mutations affecting tertiary interactions in the tRNA core
mut#17 U8 A14 r C8 A14 0.8 6 0.1 1.0 6 0.1
mut#18 G15 C48 r A15 C48 1.1 6 0.2 1.0 6 0.1
mut#19 G15 C48 r G15 U48 1.1 6 0.2 1.0 6 0.1
mut#20 G15 C48 r A15 U48 0.9 6 0.3 0.9 6 0.1
mut#21 G10 C25 U45 r C10 G25 U45 0.9 6 0.2 0.9 6 0.1
mut#22 G10 C25 U45 r A10 U25 U45 0.9 6 0.3 0.9 6 0.3
mut#23 C13 G22 G46 r G13 C22 G46 1.0 6 0.3 1.0 6 0.2
mut#24 C13 G22 G46 r U13 A22 G46 1.0 6 0.3 1.0 6 0.1

Fragmented tRNAs
mut#25 D-stem/loop deleted 0.02 6 0.01 NA
mut#26 T-stem/loop deleted 0.01 6 0.01 NA

Other tRNA transcripts
yeast#Val-1 U34 C36 r C34 U36 0.2 6 0.1 0.7 6 0.1
yeast#Val-2 U32 U34 C36 C38 r C32 C34 U36 A38 1.0 6 0.2 1.0 6 0.1
yeast tRNAIle Wild-type 1.0 6 0.1 0.7 6 0.1
E. coli tRNAThr U34 r C34 1.0 6 0.1 0.8 6 0.1

aModifications are expressed as moles of modified nucleotides per tRNA mole after 48 h incubation at 20 °C. Each value
(mean 6 SD) was obtained from at least three kinetic experiments as illustrated in Figure 7. ND, not determined; NA, not
applicable. Type and position of each mutation were detailed in the text. Asterisk indicates the formation of i6A (0.5
mol/mol of tRNA), instead of t6A, at position 37 in tRNAMeti mut#8.
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the anticodon loop, m1A58 being taken as internal
control.

Change of U8 into C8 (mut#17), disrupting the cru-
cial U8pA14 tertiary hydrogen bonding interaction (Ma-
jor et al., 1993), affected significantly the rate, but not
the final yield of t6A37 formation, whereas the rate and
the yield of m1A58 formation were the same as for the
wild-type tRNAMeti (Fig. 7f; Table 2). Disrupting the so
called Levitt purine-15ppyrimidine-48 base pair by
changing G15 into A15 (mut#18) or C48 into U48 (mut#19)
or restoring it by a double mutation (mut#20 contain-
ing a canonical A15pU48 bond) had no significant effect
on the rate (kinetics not shown) and the final yield of
both t6A37 and m1A58 (Table 2). Other 3D mutations
that disrupted tertiary interactions G10pC25pU45 (mut#21
and mut#22) or C13pG22pG46 (mut#23 and mut#24) also
did not change the modification efficiency of these
tRNA variants (Fig. 7g; Table 2).

To determine whether more drastic 3D perturba-
tions have an effect of t6A37 formation, we tested two
truncated tRNAMeti (Fig. 5C,D). The first chimerical
tRNAMeti lacks a D-stem and loop (mut#25), the sec-
ond minimalist tRNAMeti lacks a T-stem and loop
(mut#26). As shown in Figure 7h and Table 2, both
minimalist tRNAMeti displayed very low levels of t6A37.

Thus, whereas local perturbations are acceptable to
the t6A-forming enzymes, the overall cloverleaf struc-
ture of the cytoplasmic tRNA substrate has to be main-
tained. In other words, the integrity of the cloverleaf
architecture is an important parameter for tRNA rec-
ognition by the X. laevis t6A-forming enzymes.

t 6A37 can occur in non-natural substrates only
after few mutations in the anticodon loop

In order to further investigate the role of nucleotides
in the anticodon loop on enzymatic formation of t6A37,
two variants of yeast tRNAVal (anticodon UAC) were
constructed (Fig. 8, only the anticodon stem/loop
sequences are shown). This tRNA naturally is not a
substrate for the t6A-forming enzymes and has an un-
modified A37. The first tRNAVal mutant (mut#Val-1)
possesses only the methionine CAU anticodon instead
of the valine UAC anticodon. The second yeast tRNAVal

mutant (mut#Val-2) exhibits an anticodon loop that is
now strictly identical with that of wild-type yeast
tRNAMeti (Fig. 2A).

When microinjected into the cytoplasm of X. laevis
oocytes, in contrast with the mutant of yeast tRNAMeti

bearing C38 (mut#11, in Fig. 7c; Table 2), tRNA
mut#Val-1, which contains the tRNAMet anticodon CAU
together with C38, displayed a detectable but rather
low level of t6A37 modification (Fig. 7i; Table 2). Re-
sults with tRNA mut#Val-2 displayed the same level of
t6A37 modification (Fig. 7i; Table 2) as yeast wild-type
yeast tRNAMeti. Thus, clearly the whole architecture of
an anticodon loop containing the consensus sequence

C32U33N34N35U36A37A38 is the best identity element for
t6A37 modification by the X. laevis machinery. This was
further verified using transcripts of two additional
tRNAs, namely yeast tRNAIle (anticodon UAU) and
E. coli tRNAThr4/2 (anticodon CGU) (see Fig. 8). When
microinjected into the cytoplasm of X. laevis oocytes,
these two tRNAs were excellent substrates for the
t6A37-forming enzymes (Table 2). Figure 7j illustrates
the time course obtained with microinjected E. coli
tRNAThr4/2.

DISCUSSION

In this study, we have introduced runoff T7 transcripts
of yeast tRNAMeti and yeast tRNAVal genes into the
cytoplasm of X. laevis oocytes. This in vivo system is
endowed with all of the modification enzymes and
cofactors required to achieve various kinds of nucleo-
tide modifications that are normally present in a eu-
karyotic cell at that stage of development. It has been
used previously to detect the enzymatic formation of
several modified nucleotides in various microinjected
tRNAs (recombinant tRNAs or tRNA transcripts; see,
for examples, Haumont et al., 1984, 1987; Droogmans
et al., 1986; Droogmans & Grosjean, 1987; Grosjean
et al., 1990, 1996).

Our results indicate that microinjected yeast tRNAMeti

transcript (mut#1) became modified at nine distinct

FIGURE 8. Anticodon-stem loop sequences of the yeast tRNAVal

variants, of E. coli tRNAThr4/2, and of yeast tRNAIle used in this
study. Mutations are indicated by boxed nucleotides. Yeast tRNAVal

variants were designed to contain either the tRNAMeti anticodon
sequence C34A35U36 in mut#Val-1 or the whole tRNAMeti anticodon
loop sequence C32U33C34A35U36A37A38 in mut#Val-2. Both E. coli
tRNAThr4/2 and yeast tRNAIle to contain the consensus sequence
C32U33N34N35U36A37A38.
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positions that correspond to the sites of tRNA that are
normally modified in the yeast cell. No additional mod-
ified nucleotides were formed in microinjected yeast
tRNA. Base modifications located at positions 37 (t6A),
47 (D), 48 (m5C), and 58 (m1A) were among the most
efficient ones. The time courses of m2G and m2

2G for-
mation reflects the expected two-step formation of
dimethyl-G26 in which the mono-methyl-G26 occurs rap-
idly, followed by a slower formation of dimethyl-G26

(Edqvist et al., 1995). Our observation that t6A37 for-
mation in the end-matured tRNAMeti is very efficient,
together with the earlier results of Koski and Clarkson
(1982) showing that t6A37 modification cannot occur in
X. laevis tRNAMeti precursors bearing their 59- and 39-
extension ends, suggest that the threonylation machin-
ery in the X. laevis oocyte is sensitive to early steps of
tRNA processing. Also, no m6t6A37, as in several eu-
karyotic tRNAThr (anticodon IGU), nor ms2t6A37, as in
most eukaryotic tRNALys (anticodon mcm5s2UUU), was
formed in any of the microinjected yeast tRNAMeti vari-
ants we tested. Thus, distinct structural identity ele-
ments, other than the ones present in our yeast tRNAMeti

variants, are required by the enzymes catalyzing the
formation of such complex hypermodified nucleo-
tides. A precedent of this kind exists for the enzymatic
formation of the wybutosine-37 (Y37) that is unique to
yeast tRNAPhe (anticodon GmAA), whereas the tRNA:
guanine-1 methylase, which catalyzes the formation of
m1G37 in yeast tRNAPhe as the first step of Y37 biosyn-
thesis, works on several tRNAs (Droogmans & Gros-
jean, 1987; Grosjean et al., 1990).

Here, we show that the major identity elements for
the recognition of tRNA by t6A-forming enzymes are
essentially located within the anticodon loop. The re-
quired specific feature is the sequence U36A37, together
with a strong preference for A38. This conclusion fits
well with earlier works (Roberts & Carbon, 1975; Mur-
gola et al., 1984) showing that a single change of C36 to
U36 in E. coli tRNAGly (anticodon UCC) induced t6A37

formation in E. coli. Conversely, the consequence of a
mutation of U36 to C36 in E. coli tRNALys (anticodon
UUU) is the complete lack of t6A37 in tRNALys (dis-
cussed in Murgola, 1995). The anticodon loop size need
not be restricted to seven nucleotides and may vary
between six and eight nucleotides at least when the
nucleotide addition or deletion has been made near
the “kinking” site of U33. In the first two anticodon
positions (34 and 35), any of the usual four nucleotides
may occur. Moreover, the indicated large permissible
range for the stem sequences, including the tolerance
of even the mismatch base pair at the 30–40 location,
agrees with the universal occurrence of t6A37 in anti-
codon NNU-containing tRNAs of all the phylogenetic
kingdoms (see Björk, 1995a). An enigmatic exception
is the initiator tRNAMeti of bacteria, but not the cyto-
plasmic initiator tRNAMeti of eukaryotes. However,
when naturally occurring E. coli tRNAMeti was micro-

injected into the X. laevis oocytes, A37 became rapidly
and quantitatively modified into t6A37 (Grosjean et al.,
1987). Thus, there seems no intrinsic structural reason
for this particular tRNA not to be modified at A37. It
might be that the eubacterial modifying machinery is
more stringent in its action than the eukaryotic one.
Alternatively, an interfering bacterial factor with no
counterpart in eukaryotic cells may hinder the selec-
tive modification of A37 in only tRNAMeti.

Interestingly, a few selected point mutations that af-
fect 3D interactions have no drastic influence on the
formation of both t6A37 and m1A58. The perturbation
of the overall 3D structure of these tRNA mutants main-
tains the cloverleaf structure (or 2D), suggesting that
the integrity of the latter is sufficient for the recogni-
tion by the t6A37-forming enzymes. Indeed, truncated
tRNAs, containing deletion of either the TC-arm or the
D-arm, were not substrates for the oocyte threonyla-
tion machinery. It is important to point out that the
truncated tRNA lacking the T-arm possesses the cen-
tral core of C. elegans mitochondrial tRNAMeti, for which
an L-shaped structure has been proposed (Steinberg &
Cedergren, 1994; Watanabe et al., 1994). Moreover, this
tRNAMeti variant is able to be aminoacylated by yeast
cytoplasmic methionyl-tRNA synthetase to nearly wild-
type levels, leading to the conclusion that this hybrid
tRNA has an L-shaped functional structure (Senger
et al., 1995). Taken together, these results indicate that
the enzymatic machinery in the oocytes accountable
for t6A37 modification tolerates only local perturba-
tions or some laxity of the tRNA conformation, but
requires the integrity of the L-shaped tRNA resulting
from a correct folding of a cloverleaf structure. There-
fore, the eukaryotic enzymes leading to t6A37 forma-
tion clearly belong to what we have called the group II
family of tRNA modification enzymes (discussed in
Grosjean et al., 1996). Because all rules have their ex-
ceptions, it is noteworthy that sequence analysis of the
small (3S) tRNASer (anticodon GCU) from beef heart
mitochondria has revealed the presence of t6A37 de-
spite the lack of the D-arm (Arcari & Brownlee, 1980).
It may well be that the tRNA-modifying machinery in
mitochondria, as with that of prokaryotes (see above),
has different requirements for tRNA recognition.

Analysis of nucleotide sequences of t6-containing
tRNAs in the latest tRNA database (Sprinzl et al., 1996)
reveals some interesting peculiarities. Conservation of
nucleotides in the proximal anticodon stem, for which
Yarus (1982) pointed out some clear correlation with
the so-called cardinal nucleotide at position 36 (ex-
tended anticodon theory), is not obvious in yeast
t6-containing tRNAs. A preference for a purine–pyrim-
idine base pair exists at positions 31–39 and for a
pyrimidine–purine at positions 27–43. The preference
for base pairs G-C or C-G is also evident at positions 30–
40. However, almost all tRNAs sequenced so far fol-
low this rule (Grosjean et al., 1982; Sprinzl et al., 1996),
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leading to the conclusion that this feature, although
important for some structural or functional aspects of
the tRNA molecule, may not be relevant to t6A37 for-
mation. It is noteworthy that an unpaired C31–C39 com-
bination naturally exists in the anticodon proximal stem
of yeast elongator tRNAMet (anticodon CAU) and a
U30–G40 wobble-pair occurs in yeast tRNAIle (anti-
codon IUA), attesting that a strict Watson–Crick base
pair in this region of anticodon stem is not essential for
recognition by yeast t6A-forming enzymes. At the sub-
sequent three locations (29–41, 28–42, and 27–43) in
the anticodon stem of yeast tRNAs, canonical Watson–
Crick base pairs are always seen. In E. coli tRNAs, few
cases of mispairing were observed only at positions 27–
43, 30–40, and 31–39. These observations suggest that
structural constraints in the anticodon stem of eukary-
otic and prokaryotic tRNAs, and consequently their
ability to interact with a modification enzyme, are not
the same.

The exclusive occurrence of C at position 32 in eu-
karyotic t6A-containing tRNAs is not applicable for E.
coli t6A-containing tRNAs in which a C32 and, less
frequently, a U32, are found. Also, several t6A-containing
eukaryotic initiator tRNAMeti (anticodon CAU), includ-
ing that of X. laevis, have C33 instead of the almost
universally conserved U33 (Wegnez et al., 1975), whereas
a few mitochondrial t6A-containing tRNAs have C, C,
or G at position 38 (Sprinzl et al., 1996). Thus, com-
parison of tRNAs from different organisms bearing
t6A37 indicates that semi-invariant nucleotides at po-
sitions 32 (pyrimidine), 33 (U), and 38 (purine) do not
have the same importance as the major identity deter-
minant U36 and the targeted A37. They might control
the efficiency of the threonylation reaction as we ob-
served with tRNAMeti and tRNAVal-1 bearing C38.

In contrast to the above conclusions for t6A37 forma-
tion, the isopentenylation of A37 (i6A37) in other tRNAs
catalyzed by E. coli tRNA D2-isopentenyl-pyrophos-
phate:tRNA D2-isopentenyl transferase obeys distinct
rules: strict dependence on the nucleotide sequence
A36A37A38, strict requirement for a seven-membered
anticodon loop, and limited tolerance on mispairing in
the anticodon stem (Motorin et al., 1997). Obviously,
the major identity elements that are required by two
tRNA modification systems acting on the same target
A37 are different. Hence, one should beware of gener-
alizations.

MATERIALS AND METHODS

Plasmids, enzymes, and chemicals
Most of the variants of synthetic yeast initiator tRNAMet

(ytRNAMeti) and of synthetic yeast tRNAVal (ytRNAVal) used
in this work have been described and used elsewhere (Sen-
ger et al., 1992, 1995). A few additional variants of yeast
tRNAMeti were derived from the above mutants by site-
directed mutagenesis according to Kunkel et al. (1991). They

were all cloned in the multicloning site of a pUC118 phage-
mid under the control of an upstream T7 promoter and a
linearizing BstN 1 (Mva 1) restriction site downstream of the
gene. To facilitate gene transcription by T7 polymerase, all
tRNA variants were derived from a mutant of ytRNAMeti in
which adenosine-1 of the amino acid stem was changed in
guanosine (mut#1, in Fig. 5A and Table 2). The reasoning
and procedures for construction of plasmids containing min-
imalist tRNAMeti (lacking D-loop and stem or T-loop and
stem, but preserving some 3D architecture) are detailed in
Senger et al. (1995) and Senger and Fasiolo (1996). The plas-
mid containing yeast intronless tRNAIle (anticodon UAU)
was described in Szweykowska-Kulinska et al. (1994). The
synthetic E. coli tRNAThr4/2 gene (anticodon CGU), reconsti-
tuted from six synthetic oligomers, was cloned under the T7
promoter in the pEMBL81 plasmid and this was a kind gift
of Dr. J. Caillet (IBPC, Paris). Large-scale plasmid prepara-
tions were done according to standard procedures (Sam-
brook et al., 1989). The [a-32P]-radiolabeled NTP (where N is
U, C, A, or G; 400 Ci/mmol) was from Amersham (UK).
Bacteriophage T7 RNA polymerase and RNasin were from
Promega Biotech (Madison, Wisconsin), Mva 1 restriction
enzyme from Boehringer-Mannheim (Germany), Penicillium
citricum nuclease P1 and ribonuclease T2 from Sigma (St
Louis, Missouri), and thin layer cellulose plates from Schlei-
cher & Schuell (Dassel, Germany). DNA T7-sequencing kit
for verifying each sequence of the variant tRNA genes was
from Pharmacia P-L Biochemicals (Sweden). All other chem-
icals were from Merck Biochemicals or Boehringer-Mannheim
(Germany).

Preparation of radiolabeled tRNA transcripts
The procedure for producing tRNA substrates is essentially
as described earlier (Grosjean et al., 1990) except that 10 mM
GMP was added. Briefly, 2 mg of Mva 1-linearized DNA
template was incubated in 10 mL of transcription buffer con-
taining 50 mCi (100 mCi in the case of GTP) of one of the four
[a-32P] NTP (400 Ci/mmol), 0.3 mL of RNasin (40 U/mL),
and 1 mL of T7 RNA polymerase (20 U/mL). Each nucleotide
triphosphate in the mixture was at 1 mM final concentration
except the radiolabeled [32P]NTP, for which the final con-
centration was 0.1 mM (0.25 in the case of GTP). The tran-
scription mixture was incubated for 4 h at 37 °C. The runoff
tRNA transcripts were then purified by 6% polyacrylamide
gel electrophoresis in the presence of 8 M urea. Only full-
length transcript, as revealed by autoradiography of the gel,
was used for microinjection experiments. It was recovered
from the gels by overnight elution with a salt solution con-
taining 0.5 M ammonium acetate buffer, pH 5.0, 10 mM Mg
acetate, 0.1 mM EDTA, 0.1% (w/v) SDS at room tempera-
ture. The eluted tRNA was ethanol-precipitated at 220 °C,
washed twice with cold 70% (v/v) ethanol, dried under vac-
uum, and redissolved in 5 mL of dust-free and diethylpyro-
carbonate pre-treated water. Final clarification of the tRNA
solution was always done by quick centrifugation in an
Eppendorf centrifuge just before filling the microinjecting
micropipettes.

Oocyte microinjections and recovery of tRNAs
Adult female X. laevis were from South Africa and pur-
chased in France through the “Centre d’Elevage de Xénopes,”
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University of Rennes (F-35042, France). A piece of ovary was
surgically removed from non-hormone-stimulated female and
placed in a Petri dish containing modified Barth’s solution
(MBS) as described (Peng, 1991), supplemented with L-glu-
tamine (0.08 g/L), oxaloacetic acid (0.15 g/L), Na pyruvate
(0.11 g/L), 1% of MEM vitamins solution (Gibco-BRL), pen-
icillin G (10 mg/L), streptomycin sulphate (10 mg/L), and
phenol red (20 mg/L). Individual oocytes were manually
separated with watchmaker’s forceps and sorted to select
fully grown stage VI oocytes (the collagenase–pronase treat-
ment was avoided because of the presence of RNAse con-
tamination). They were stored in the dark overnight at
19–20 °C. Approximately 4–20 fmol of [32P]-labeled tRNA
transcripts (corresponding to about 10–50 3 103 Cerenkov
cpm) in a volume of 40–50 nL were injected into the cyto-
plasm of the vegetal yellow hemisphere of each oocyte
using homemade microcapillary glass needles and an air
pressure microinjection system. Each tRNA variant was
injected into a series of 40–60 oocytes. Injected oocytes
were kept at 20 °C in fresh MBS solution as described above.
Groups of 6–10 “good looking” oocytes, with no white
spot on the dark pole, were withdrawn after the indicated
duration (3–48 h) and quickly frozen at 280 °C until the
nucleic acids were extracted and submitted to electropho-
resis on 6% polyacrylamide gel. Only full-length [32P]-labeled
tRNAs were recovered from such fractionation and further
analyzed for their modified ribonucleotide content as de-
scribed below.

Analysis of modified nucleotides

Full-length tRNAs isolated from oocytes were digested ex-
haustively overnight at 37 °C with nuclease P1 (0.3 U/mL) in
20 mL of 50 mM ammonium carbonate buffer at pH 5.3 to
produce 59-ribonucleotide monophosphates or with RNase
T2 (0.01 U/mL) in 20 mL of 50 mM ammonium carbonate at
pH 4.5 to produce 39-ribonucleotide monophosphates. Car-
rier yeast total tRNA (about 1 mg) was routinely added in the
mixture. The resulting hydrolyzates were each analyzed by
two-dimensional chromatography on thin-layer cellulose
plates in two types of solvent system. System “N/R” was
isobutyric acid:25% NH4OH:water (66:1:33, v/v/v) in the
first dimension and 0.1 M sodium phosphate at pH 6.8:solid
(NH4)2SO4:n-propanol (100:60:2, v/w/v) in the second di-
mension. Solvent system “N/N” was the same solvent as
above for the first dimension and 2-propanol:HCl 37%:water
(68:17.6:14.4, v/w/v) in the second dimension. After auto-
radiography, identification of radioactive spots was done by
comparison with published reference maps (Keith, 1995).
Quantification of each radioactive modified nucleotide was
performed after scratching the corresponding spots from the
plate and counting the radioactivity by liquid scintillation
technique or, more recently, by counting the radioactivity
directly from the plate with a PhosphorImager (Molecular
Dynamics, USA), using ImageQuant software. Knowing the
nucleotide composition of each of the tRNA substrates, the
molar ratio of each individual modified nucleotide per mole
of tRNA formed during incubation in the oocytes was cal-
culated. By comparing the results from different indepen-
dent experiments, reproducibility was estimated to be 60.15
mol/tRNA mol (on average, see Tables 1 and 2).
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