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1. Introduction 

A conformational change occurs within the tRNA 

structure following the codon-anticodon complex 
formation, such that the T$CG sequence becomes 
exposed [ 1,2] . The accessibility of the latter was 
demonstrated by binding the complementary tritium- 
labelled oligonucleotide CGAA. Additional evidence 
for the structural change came from fluorescent 
measurements [3] . 

Kethoxal has been successfully used in investigat- 
ing the secondary structures of various tRNAs [4-61. 
For example, it was shown that in the native tRNA 
structure the guanosine in the T$CG region was not 
modified in any of the individual tRNAs tested. If 
codon-anticodon interaction triggers the exposure 
of the TJ/CG loop this should result in an increased 
reactivity of at least the guanosine in the T$CG and 
dihydrouridine loops. Therefore, we investigated the 
accessibilities of G residues within the tRNA structure 
in the presence and absence of a cognate codon. we 
used the radioactive kethoxal-like reagent p-carboxy- 
phenyl 

P# 
yoxalmethylester to follow the reactivity of 

tRNA e and tRNALYS with and without their 
corresponding codons. In both tRNAs an enhanced 
modification of guanosines was observed when the 
correct oligonucleotide was used as a codon. For the 
tRNALYs an additional 5 mol guanosines were 
modified per mol tRNA in the presence of the codon 
after 3 h reaction. 

In a second approach, [“‘PI tRNA and kethoxal 
were used to characterise the additionally modified 
guanosines within the tRNA structure. Evidence was 
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obtained for the enhanced modification of at least 
4 guanosines, in the presence of the codon, and one 
of these was tentatively assigned as the G residue of 
T$CG . Therefore, these results demonstrate that a 
codon%rduced structural change occurs in tRNA and 
that the TJ/CG sequence and other unidentified 
sequence regions are involved in this structural change. 

2. Materials and methods 

2.1. Materials 
tRNAymb and tRNAihLfi were from Boehringer, 

Mannheim. Kethoxal was from Nutritonal 
Biochemicals Corporation, Cleveland, Ohio. The radio- 
active methylester of p-carboxyphenylglyoxal: 

CH,O -a- H 

L C-C 
a 

was prepared by reacting the acid chloride of p-car- 
boxyphenylglyoxal with [3H]methanol [7] . The 
specific activity was adjusted to 0.3 mCi/mmol. 

(A)4, i.e. ApApApA, and (U)4, i.e. UpUpUpU, 
were prepared enzymatically with polynucleotide 
phosphorylase as described [8]. Tetranucleotides 
were used as codons instead of trinucleotides because 
they have higher binding constants to the tRNA 
anticodons [9,10]. 

2.2. Preparation of /32PJtRNA from E. coli cells 
Cells from E. coli MRE 600 were grown in the 

presence of 20 mCi [32P] orthophosphate as described 
[ 1 l] . Extraction of RNA and separation of tRNA 
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were performed according to the electrophoretic 
procedure described [ 121. 

2.3. Reaction of tRNA with /3HJmethylester of 
pcarboxyphenylglyoxal 

In final vol. 0.5 ml, 5 nmol tRNA were incubated 
at 37°C in the following reaction mixture: 50 mM 
Tris-borate, pH 7.2, 16 mM MgClz, 2.5 ~01 radio- 
active reagent and codon concentrations as given in 
the legends to fig. l-3. Aliquots were taken at time 
intervals, precipitated with trichloracetic acid and 
analysed for [3H]reagent incorporation. 

The results from the different experiments were 
averaged. The variation in the amount of radioactivity 
incorporated was generally within + 5%. 

2.4. Reaction of kethoxal with /32PJtRNA 
The [32P]tRNA was reacted as outlined in the 

following scheme : 

tRNA 

1 
1. kethoxal 

tRNAmoditied 

1 
IOi 

t~Airreversibly* 
moditied 

- 6414 

r-----L 

2. kethoxal + 6’94 

1 

control 3 

II1 

Three A260 units crude [“PI tRNA (6 X 10’ dpm) in 
0.5 ml reaction buffer (100 mM Na cacodylate, 
pH 7.2, 15 mM MgC12) were incubated for 40 min at 
37’C with 1.85 mg kethoxal. The tRNA was twice 

*Irreversibly modified means that no hydrolysis of modified 
G residues occurred prior to the second dimension of the 
diagonal fmgerprint [ 141. This irreversibMty was demon- 
strated in control 1. 
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precipitated with ethanol and washed to remove 
excess kethoxal. The final pellet was resuspended in 
0.3 ml reaction buffer. The modified tRNA was 
reacted with IO, leading to the more stable p-o- 
ethoxypropionyl guanosine derivatives [ 131. Freshly 
prepared 0.2 M NaIO,, solution, 100 4, was added 
and the sample kept in the dark at 20°C for 15 min. 
A further aliquot of NaI04 was added and the 
mixture was incubated for another 15 min. Excess IO., 
was destroyed by the addition of sucrose. The tRNA 
was precipitated with ethanol, washed and redissolved 
in 0.5 ml reaction buffer. The sample was divided into 
three equal parts. Sample 1 was precipitated with 
ethanol without further reaction and used as a control. 
Samples 2 and 3 were incubated again with 1 mg 
kethoxal for 60 min at 37’C; sample 2 in the presence 
of 2 mM (A)4, and sample 3 without any codon. 

Both samples were twice precipitated with ethanol 
and washed. The tRNA samples were hydrolysed with 
RNAase Tr in the presence of phosphatase and the 
analysis was carried out according to the diagonal 
fingerprint method described [ 141. 

3. Results 

3.1. Kinetics of chemical modification of tRNA in 
the presence and absence of the codon 

The time dependence of the reaction of the radio- 
active guanosine specific reagent with tRNAPhe in the 
presence and absence of the codon (II), is shown in 
fig. 1. As can be clearly seen the reaction in the 

0 
60 120 160 240 

tlmin 

Fig.1. Time dependence of the reaction of tRNAPhe with 
the [ ‘Hlmethylester of pcarboxyphenylglyoxal in the 
presence and absence of the codon (U), . The codon concen- 
tration was 1 mM. 
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presence of(U), proceeds faster leading to a differ- 
ence of the equivalent of 3 additional G residues being 
modified within 2 h reaction. After that time, how-’ 
ever, the number of modified guanosine decreases in 

the sample with the codon. We believe this decrease 
is caused by two factors: 
(1) Guanosine 34 in the anticodon is modified 

leading to a decrease in the codon-anticodon 
complex concentration. 

(2) The modification is reversible such that the 
reagent can dissociate and allow the tRNA 

structure to refold. 
In order to avoid the complication of the reagent 
reacting with either the codon, or the anticodon, we 
tested the system: tRNALYs with (A)4 as the codon. 

The kinetics of the modification of the guanosine 
residues in tRNALYs, in the presence and absence of 
the codon (A)4, are shown in fig.2. In the presence of 
the codon the modification proceeds faster and ends 
on a plateau. The equivalent of about 5 guanosines/ 
mol tRNA are modified additionally in the presence 
of the codon within 4 h. 

Association constants between tetranucleotides 

and tRNAs are as high as lo3 - IO4 M-’ only for the 
anticodon [ 15,161. Strong interactions of oligo- 
nucleotides with other parts of the tRNA that alter 
the tRNA structure are therefore very unlikely. It is 
also evident from the primary structure [ 171 that 
with the exception of the anticodon there are no 

60 120 160 
0 

240 
t/mm 

Fig.2. Time dependence of the reaction of tRNALYs with the 
[‘Hlmethylester of p-carboxyphenylglyoxal in the presence 
and absence of the codon (A),. The codon concentration was 
1 mM. 

1 o-0 tfqN*LYg 4~ 

n - rRNALys +hJl, 

Fig.3. Time dependence of the reaction of tRNALYs with the 
[ ‘Hlmethylester of p-carboxyphenylglyoxal in the presence 
and absence of the non-coding oligonucleotide (U),. The 
oligonucleotide concentration was 1 mM. 

complementary sequences to (A)4 longer than two 
bases. In order to ensure that no stacking, or H bonding 

interactions other than base pairing to the anticodon, 
occur at the rather high oligonucleotide concentrations 
in the reaction mixture (2 mM), the system was 

tested with tRNALYs and (U), that is not recognized 
as a codon. The result is shown in fig.3. Only a very 
small increase in reactivity was detected relative to 

those in fig.1 and 2. We conclude, therefore, that the 
above observed increase in reactivity of the guanosine 
residues is triggered by the codon-anticodon inter- 
action. 

3.2. Preliminary analyses of the chemically modified 
G residues 

A partial analysis was made of the regions of the 
tRNA that were involved in the structural change. The 

experiment was performed as outlined in methods. 
The diagonal fingerprints of sample 2 and 3 looked 
very similar, but showed strong quantitative differ- 
ences (fig.4, table 1). In both cases, at least 7 new 
spots migrated away from the diagonal line contain- 
ing the unmodified oligonucleotides. Approximate 
quantitation of these 7 spots is shown in table 1. For 
all except spot 5 (Gp), the radioactivity was much 
stronger in the codoncontaining sample 2. Accurate 
quantitation of diagonal fingerprints prepared with 
crude [“PI tRNA was difficult especially for spots 
moving close to the diagonal. In the diagonal tinger- 
print of sample 1 no new spots were clearly visible 
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Fig.4. A drawing of the autoradiogram of a diagonal finger- 
print from sample 2. The seven off-diagonal spots are indi- 
cated. K and K were used as control spots for the 
standardfsation.% . ’ e posrtton of the blue tracking dye (xylene 
cyan01 FF) is indicated by the letter B. 

Table 1 
Radioactivity present in the modified oligonucleotides 

Diagonal 
spot no. 

Counts per minute 
- 
sample 2 control 3 

sample 2 
control 3 

1 15 140 2790 5.4 
2 12 550 1480 8.5 
3 7280 1120 6.5 
4 5370 1100 4.9 
5 1550 3540 0.4 
6 4740 1490 3.2 
7 4110 770 5.3 

The cpm values given are averaged from two determinations 
and are standardized against control spots on and off the 
diagonal (see fig.4) 

off the diagonal which suggests that little or no 
hydrolysis of modified G-residues had occurred. 

A preliminary analysis of the spots from the 
diagonal fingerprint (fig.4) showed that spot 3 is 
likely to be identical to TJ/CG,. This was established: 
(i) By comigrating the identical marker oligo- 

nucleotide TJ/CG, at pH 1.9. 
(ii) By determining the base composition. 

For a more refined analysis of this and the other 
kethoxal modified oligonucleotides it will be necessary 

to use purified tRNALvs. 

4. Discussion 

A codon-induced rearrangement of tRNApoli and 

tRNAEiti occurs in the presence of mM concentra- 
tions of the cognate codon independently of the 30 S 
ribosome, EF-Tu X GTP and aminoacylation. Thus it 
was possible to investigate the structural change in a 
simple reaction system by chemical modification. It 
was observed, earlier, that the bases in the TJ/CG 
region are not modified in native tRNA [4-6,18,19]. 
This result correlates well with the three-dimensional 
structure of tRNAPhe from yeast that was established 
from X-ray diffraction analyses of tRNA crystals 
[20,21], which demonstrated that the T$CG sequence 
interacts with the dihydrouridine loop through base 

pairs between Grs -$ss, G19 -C5e and a stacking 
interaction of G5, between Gra and Gig. 

Opening up of this structure, as a result of the 
codon-anticodon interaction, would result in the 
breakdown of these interactions such that a number 
of G-residues were accessible for chemical moditica- 
tion including that in the oligonucleotide TJ/CG. The 
results here demonstrate such an increased accessibility 
of guanosines in the presence of the codon which is 
compatible with such an opening. However, the slow 
opening up of the tertiary and secondary structure of 
the tRNA in the absence of the codon due to chemical 
modification is also indicated by the steady increase 
of the reaction with time (fig.1 -3). This was also 

evident from the diagonal fingerprint of control 3, 
where similar but much weaker modification was 
observed in the absence of codon. 

A determination and comparison of the initial 
rate constants of the individual nucleotide moditica- 
tion reactions, with and without codon, will give a 
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more detailed picture of the sequence of events 
during the rearrangement. Moreover, the identifica- 
tion of the preferred sites of modification in the 
presence of codon may yield some information about 

how the structural change is transmitted from the 
anticodon to the TJ/CG loop. This remains to be sub- 
stantiated by analyses with the purified [‘“PI tRNALYs. 
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