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SUMMARY

Kethoxal modification of guanosines within Phe-tRNAPhe
from E. coli was studied for tRNA in the free state and speci-
fically bound to the ribosomal A-site. Complex formation with
the ribosome results in a protection from chemical modification
of two distant sites in the tRNA molecule. The guanosines affect-
ed are G-18 and G-19, located in the D-loop, and G-34 in the
anticodon loop. Phe

Modification of Phe-tRNA in the absence of ribosomes
leads to a destabilisation of the tRNA structure. Our data are
consistent with the conclusion that modification of G-34 at the
anticodon loop triggers a conformational instability in distant
parts of the tRNA molecule.

INTRODUCTION

The principal mechanism of one of the main events in pro-
tein biosynthesis, namely the coded binding of a tRNA to the
ribosome, is still not understood. It is known that codon-anti-
codon interaction is not sufficient to explain the high stabi-
lity of a tRNA-ribosome complex and the high accuracy with which
it is formed. Additional interactions between the tRNA and the
ribosome have been proposed, and it will be of great importance
to find out which sites of the tRNA may be involved in such an
interaction.

Chemical modification has been shown to be of high poten-
tial for the localisation of interacting sites between tRNAs
and ribosomes (1-3). We have used the chemical reagent kethoxal

Phe from

to study the accessible guanosines within Phe-tRNA
E. coli, both in the free state and bound to the ribosomal
A-site.

Specific binding of Phe-tRNAPhe

was achieved enzymatically
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via the ternary complex with elongation factor EF-Tu and GTP,
while the P-site was effectively blocked with deacylated tRNA.
The location of the Phe-tRNAPhe
by the puromycin reaction before and after modification with

in the A-site was demonstrated

kethoxal. The binding conditions were selected to keep non-
enzymatic binding of Phe-tRNAPhe at a level of below 5%. Intact
tRNAVribosomevmRNA complexes were isolated after modification.
The tRNA was then extracted and analyzed. The deacylated tRNA
did not appear in the analysis because it was selectively oxi-
dised at its 3'-terminus and could not, therefore, be radio-
actively labeled at its 3'-end. Thus, only A-site bound tRNA
that was still associated with the ribosome after the reaction
with kethoxal was analysed in the later sequencing step.
Modified guanosines were identified by a partial RNase T1
digestion and separation of the tRNA fragments on sequencing
gels. The modification sites could readily be assigned since

RNase T1 does not hydrolyse kethoxylated guanosines.

MATERIALS AND METHODS

Phe Phe val I Lys
ERNAL coli’ tRNAyeast’ tRNAE coli’ SRNRE co1i”

tide 5'-diphosphates and 5'-triphosphates were from Boehringer,

ribonucleo-

Mannheim, [3H]-phenylalanine (specific activity 36.7 Ci/mmole)
and [32p]-pCp (specific activity 2000 - 3000 Ci/mmol) were bought
from Amersham/Buchler, Braunschweig. Kethoxal was from Nutritio-

nal Biochemical Corporation, Cleveland, Ohio. Acrylamide, N1,N1—

1,N1-tetramethylethylenediamine

-methylene-bisacrylamide and N,N,N
were obtained from Bio Rad, Richmond. Polynucleotide ligase

(E.C.6.5.1.3) was a product of PL Biochemicals, Milwaukee. RNase
T1 (E.C.3.1.4.8) was supplied from Sankyo Inc., Tokyo. Ribosomes
were prepared in the form of 70S tight couples according to ref.
(4), and trRNAPP®

ref. (5). Elongation factor EF-Tu“GDP was prepared following the

was charged with [3H]-phenylalanine according to

procedure of Arai et al. (6).
3'-end oxidation of uncharged tRNA molecules

Uncharged tRNA molecules in the aminoacyl tRNA preparation
(about 60% charged) were oxidized at their free 3'-terminal
hydroxyl groups in 100 mM Na acetate, pH 5.5, with a 200-fold
molar excess of Na periodate for 30 min in the dark at room

576



Nucleic Acids Research

temperature. The excess of Na periodate was inactivated by
adding sucrose, and the RNA was precipitated with ethanol. The
oxidation of the 3'-ends completely inhibited the ligation re-
action with radioactive pCp. Deacylated tRNA could therefore
not be seen on the sequencing gels and could consequently not
affect the results.
Binding of Phe-tRNAPhe to the ribosomal A-site

The ternary complex with EF-TuNGTP'uPhe-tRNAPhe was prepar-
ed as described in (2) using 50 pmoles of Phe-tRNAPhe in a total
volume of 8 pl. The complex was added to 100 pmoles of 70S ribo-
some tight couples and incubated in 38 pl of 50 mM Na cacody-
late, pH 7.2, 7 mM MgClz, 150 mM KC1 and 3 mM dithiothreitol in
the presence of 50 pg poly(U) at 37°C for 15 min.

In the control sample, the ternary complex was replaced by
Phe-tRNAPhe and a corresponding amount of EF-Tu“GDP, and ribo-

somes were omitted.

Modification reaction

2.5 volumes of saturated kethoxal solution in 50 mM Na
cacodylate, 150 mM KC1l, 5 mM Mgclz, 10% ethanol was added to
both the sample and control, and incubation was carried out at
37°C. 25 pl aliquots were withdrawn at time intervals of 10, 30,
45, 60 and 75 min and filtered through nitrocellulose filters
( 1 cm diameter). They were each washed twice with 100 pl of
50 mM Na cacodylate pH 7.2, 7 mM MgClz, 100 mM NH4 acetate,

20 mM Na borate. This procedure removes unbound tRNA and tRNAV
EF-TuGTP, while ribosomes and ribosome-tRNA complexes are re-
tarded on the filter. The filters were then washed with 200 pl
50 mM Na cacodylate, pH 8.2, 100 mM NH4 acetate, 20 mM Na borate
1 mM EDTA and 0.1% SDS. The control samples were directly dis-
solved in the latter buffer. All samples were extracted three
times with an equal volume of phenol, saturated with 100 mM

NH4 acetate, 20 mM Na borate, and after reextraction with
diethylether the samples were precipitated with 2.5 volumes of
ethanol.

Deacylation of Phe-tRNAP

Whereas uncharged tRNA's had been 3'-end oxidized and in
consequence could not be labeled, charged molecules had to be
deacylated prior to 3'-end labeling of the tRNA. To deacylate

he
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the tRNA, the samples were dissolved in 10 pl 160 mM Na acetate
pH 5.3, 20 mM Cu SO4 and 20 mM Na borate. They were incubated
for 15 min at 37°C, after which 2 pul of 100 mM EDTA was added
and the tRNA's were precipitated with ethanol.

3'-end labeling of tRNAPhe

The tRNA samples were 3'-end labeled with 1pCi 5'-[32P]pCp
and polynucleotide ligase according to ref. (7), except that
the MgZ+-concentration was raised to 30 mM and the reaction was
performed in the presence of 20 mM Na borate. After precipita-
tion with ethanol, the tRNA was separated from excess pCp and
tRNA fragments by gel electrophoresis, using 12% polyacrylamide,
8 M urea gels. The pH during gel electrophoresis was maintained
at 7.5. Bands containing the tRNA were cut out according to the
autoradiogram of the gel and were eluted with 250 mM Na acetate,
20 mM Na borate, 2 mM EDTA, followed by ethanol precipitation.
Analysis of modification sites

The modified tRNA samples were subjected to a partial RNase
T1 hydrolysis. The enzyme does not cleave at kethoxal modified
guanosines (8). The hydrolysis was performed with 0.65 mU of
RNase T1 per sample for 20 min at 0°C in the presence of 3 ug
carrier tRNA. Samples were quickly frozen in dry ice and lyo-
philized. They were separated on 12% acrylamide gels (0.4 x
200 x 400 mm) in the presence of 8 M urea. The running buffer
was 50 mM Tris borate pH 8.3, 1 mM EDTA. Separation was per-
formed at 1800 V for 2 or 5 hours, depending on the size of the
fragments to be resolved. The gel was exposed to an X-ray film
at -80°C and the autoradiograms were scanned using a Vitatron
TLD 100 densitometer.

RESULTS
Specificity of tRNA binding
Binding of Phe-tRNAPhe was made via ternary complex forma-

tion with EF-TunGTP. The ternary complex is known to bind speci-
fically to the ribosomal A-site (9). Blocking of the P-site was
achieved by binding of the deacylated tRNA present in the amino-
acyl-tRNA preparation (60% charged). No preincubation with
additional deacylated tRNA was necessary under our conditions.

The location of the Phe-—tRNAPhe in the A-site has been shown by
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Table I Location and stability of enzymatically bound Phe-
-tRNAPnE

1) 2)

Puromycin reactivity

(%]
-EF-G +EF-G (2]

tRNA bound

enzymatically bound
Phe-tRNAPD® in the
presence of 40% de-
acylated tRNA

0 83 94

enzymatically bound
Phe-tRNAPhe after pre-
incubation with a n.d. n.d. 96
molar excess of deacy-
lated tRNA

enzymatically bound
Phe-tRNAPhe after 75
min of kethoxal re-
action 3)

1) Puromycin reaction before and after translocation with EF-G
and GTP was performed as described iBh(10)'

2) Numbers indicate % of total Phe-tRNA ¢ input. 100% corres-
ponds to 50 pmoles.

3) Kethoxal reaction was performed as described in Methods.

n.d. - not determined

the puromycin reaction (see Table I). Table I demonstrates that
enzymatically bound Phe-tRNAPhe was essentially at the ribosomal
A-site and exchange from A- to P-site did not occur during our
reaction conditions. Furthermore it is evident from Table I that
the Phe—tRNAPhemribosomempoly(U) complex is remarkably stable
during the reaction with kethoxal and no complex dissociation
can be observed after 75 min of kethoxal reaction.
Identification of modified tRNA sites

After the reaction tRNA samples that had been isolated,
deacylated and 3'-end labeled with radioactive pCp were sub-
jected to a partial RNase T1 hydrolysis. The sites of modifi-
cation are protected from the partial RNase T1 degradation and
appear therefore as bands of reduced intensity on the sequenc-

ing gel. Fig. 1 shows the autoradiogram of such a sequencing
gel. The autoradiogram was obtained from a kinetic experiment,
in which tRNA-ribosome-complexes were modified with kethoxal for
increasing times and were separated alongside tRNA samples that
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Fig. 1: Autoradiogram of the gel separation of a partial RNase
T, digest of tRNAFNe samples after kethoxal modification

In C a control sample that was not treated with kethoxal was
partially hydrolysed with RNase T,. Tracks a, b, ¢, 4 and e show
partial RNase T, digests of tRNA'é that had been bound to the
ribosomal A-site and reacted for 10, 30, 45, 60 and 75 minutes,
respectively, Tracks a', b', c¢', d', and e' show tRNA samples
reacted in the absence of ribosomes under the same conditions.
The numbers in the left margin indicate guanosine positions.
Autoradiograms were exposed for 3 days at -80°C.

had been modified in the absence of ribosomes.

The reduction in the intensities of the bands corresponding
to guanosines G-34, G-18, G-19, G-24, G-27 (and weakly G-52,
G-53 with longer reaction times) is an indication of their
kethoxal reactivity. The corresponding band intensities are
reduced to a much greater extent, however, when the tRNA was
modified in the absence of ribosomes. One has to conclude,
therefore, that formation of the tRNA complex with the ribosomal
A-site does indeed protect G-18, G-19, G-34 and weakly G-52, G-53
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Fig. 2: Autoradiogram of the sequencing gel from Fig. 1 showing
the unhydrolysed tRNA bands

The numbering of the samples is the same as in Fig. 1. The
slower and the faster tRNA species are indicated. The autoradio-
gram was exposed for 4 hours at -80°C.

from modification with kethoxal.
Modification results in the formation of a slower migrating
tRNA isomer

When autoradiograms were taken at shorter exposure times,
an additional effect was observed. Fig. 2 shows an autoradiogram
of the same sequencing gel as in Fig. 1 after 4 hours exposure
time. Under this condition only the unhydrolysed tRNA, represent-
ing about 90% of the total material, is visible. During the
time course of the reaction a slower migrating tRNA band becomes
apparent. The formation of this double band is much faster in
samples that had been modified in the absence of ribosomes
(Fig. 2a', b', ¢', d4' and e'). )

Quantitation of the protection effects caused by ribosomal

A-site binding

The protecting effect mediated by ribosomal binding can be
assessed more precisely by quantitation of the band intensities
for the corresponding guanosines. The autoradiograms were there-
fore monitored by densitometry, and the relative intensities of
the guanosine bands were calculated as a ratio of the intensi-
ties of the non-hydrolysed tRNA material and the intensity of
the corresponding guanosine band (Fig. 3A and B). In Fig. 3C the
relative intensities of the slower migrating tRNA isomers from
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Fig. 3: Quantitation of band intensities of tRNAPhe modified
with kethoxal in the free state and bound to the ribosomal
A-site. Relative band intensities were calculated from a den-
sitometer scan of autoradiograms from Fig. 1 and 2 as explained
in the text. Open bars represent tRNA samples that were modified
in the presence of ribosomes, shaded bars are calculated from
samples modified in the absence of ribosomes. A shows the rela-
tive intensities for guanosine G-18 and G-19 at different time
points during the reaction. In B the relative intensities for
guanosine G-34 are shown. In C the formation of the slower mi-
grating tRNA isomer is given for: o—o tRNA modified in the ab-
sence of ribosomes; A——A tRNA modified in the presence of ribo-
somes.

Fig. 2 are shown. In this case, intensities were calculated tak-
ing the sum of both the slower and the faster migrating tRNA band
as 100%.
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Fig. 4: Gel electrophoretic mobility of tRNA samples.
Autoradiograms of six different experiments are shown. Samples A
to E are separated on 12% acrylamide gels in the presence of 8 M
urea, whereas samples in F are separated in the absence of urea.
U stands for unreacted, R for reacted samples. A) tRNAPhe from
E. coli modified at acp3 U-47 with acetic acid succinimide ester.
B) tRNAVall from E. coli modified with kethoxal. C) tRNAPhe
from E. coli modified with kethoxal followed by two hours incuba-
tion in 15 mM Tris-OH buffer. D) tRNAPhe from E. coli modified
with kethoxal. E) tRNAPhe from E. coli modified with kethoxal
(not to completion) R and U were additionally digested with

RNase T1 under limiting conditions to show guanosine positions.
R/D was a reacted sample denatured by heating to 90°C for 45
minutes prior to gel electrophoresis. F) tRNAPhe from E. coli
modified with kethoxal as in D but separated under non-denatur-
ing conditions.

What is the reason for the formation of a slower migrating tRNA
band?
The double band of tRNAPhe formed on the sequencing gel

(Fig. 2) after kethoxal reaction is of particular interest, be-
cause it apparently represents a structural difference between
tRNA modified in the free state, as compared to an A-site bound
tRNA.

The presence of the slower-migrating tRNA isomer cannot be
explained by a difference in molecular weight of the two tRNA

species as a result of the kethoxal modification, since i)
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Fig. 5: Autoradiogram of a gel separation of partial RNase Tj
digests of kethoxal reacted tRNAs. U stands for unreacted con-
trol samples, R for kethoxal reacted samples. Reaction was per-
formed in 100 mM Na cacodylate pH 7.2, 10 mM MgCl,, with no other
components present, by adding 2.5 volumes of saturated kethoxal
solution. Reaction was performed for 30 min. RNase T¢ partial
digestion was as described in methods. A) tRNAPhe from E. coli;
B) tRNAVall from E. coli; C) tRNAPhe from yeast; D) tRNALYS
from E. coli.

tRNAva1 or tRNALys molecules, modified to the same extent, do
not show such a difference in mobility (Fig. 4B, Fig. 5B, D) and
ii) separation of modified tRNAPhe in a gel system without urea

does not show a mobility difference compared to the unmodified
sample (Fig. 4F).

The slower-migrating band can also not be ascribed to a
change in charge due to kethoxal modification of the amino group
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of acp3U at position 47 within the tRNA. When a tRNAPhe

was selectively modified at the amino group of acp3U-47 with

sample

acetic acid succinimide ester (11) which had been prepared ac-
cording to (12), no slower migrating band could be detected.
This is shown in Fig. 4A.

We were able to show, however, that the formation of the
slower migrating tRNAPhe species is a reversible effect. It can
be reverted under conditions mild enough to cleave kethoxal-
guanosine adducts but no other chemical bonds (Fig. 4C,D).
Furthermore, if the slower migrating isomer is denatured by
heating, the difference in mobility disappears and the sample
migrates on the sequencing gel as an untreated control (Fig. 4E),
suggesting that a conformational effect is induced. This idea
is further strengthened by the observation that the slower mobi-
lity of one of the tRNA isomers can only be observed if the
separation is carried out in 8 M urea. If the modified tRNA
sample is separated under non-denaturating conditions no diffe-
rence in mobility was detected (Fig. 4F). '

We could not detect a similar effect on the mobility of

Vall Lys
tRNAE.coli or tRNAE.coli
with kethoxal (Fig. 4B, Fig. 5B,D). A slower migrating conformer
Phe

when both tRNA species were reacted

was observed, however, with tRNA from yeast after kethoxal

. . Phe Phe
reaction (Fig. 5C). Both, tRNAyeast and tRNAE.coli

mon an accessible and very reactive G-34 at the anticodon loop,

have in com-

while most of the other reactive positions are common to all
tRNA species investigated. The difference in mobility of the
PN s es Phe

modified versus the unmodified tRNAE.coli

5'-terminal region ranging from nucleotide 1 to guanosine G-30,

disappears when the

has been excised by digestion with RNase T1. This is evident
from the partial RNase T1 digestion pattern shown in Fig. 5A.
In conclusion, the results with respect to the formation

of the slower-migrating tRNA isomer can be summarized as follows:

1. Modification of the rare base acp3 U-47 does not lead to the
formation of the double band.

2. The formation of the double band is a reversible process.

3. The formation of the double band seems to be a conformational
effect caused by the partly denaturating conditions of the
sequencing gel.
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4. The formation of the double band seems to involve the tRNA
fragment 1 to 30.

5. The formation of the double band seems to be specific for tRNA
molecules showing a rapid kethoxal modification at the exposed
G-34 of the anticodon loop.

DISCUSSION
Specificity of the bound tRNA

Binding of Phe-tRNAPhe was specifically directed to the
A-site by the ternary complex with EF-Tu and GTP at low Mg2+

concentration. The EF-Tu preparation was essentially free of
G-factor activity and the P-site was effectively blocked with
deacylated tRNA. As shown by puromycin reaction the A-site bound
tRNA remained in the A-site, and no translocation or sliding to
the P-site did occur. Although the tRNA that was analysed was
exclusively bound to the A-site, it must be borne in mind that
the P-site was simultaneously filled with deacylated tRNA mole-
cules, and protection effects between the two tRNA's bound to the
ribosome cannot be excluded.
Limitations of the method

Due to the specificity of kethoxal, the study we describe
is limited to the investigation of guanosines within the tRNA

structure. If other bases are to be monitored, different reagents
have to be used. It would be of interest to see whether nulceo-
tides other than guanosine modified in the anticodon region
result in a similar structural effect on the tRNA molecule.

A second limitation is inherent to all studies using a
limited enzymatic digestion. Enzyme cutting positions should only
be affected at sites where a kethoxal modification occurs. No
long range effects caused by different structures should be ob-
served. There is good evidence to exclude this type of hydrolysis
artifact in our study. Changes in the RNase T1 digestion pattern
(Fig. 1) are limited to those guanosines which are known to be
the target sites of kethoxal modification (8,13). In case of the

Phe

slower migrating conformer of tRNA the same situation applies,

since, i) under the ionic conditions of the limited RNase T1
hydrolysis but in the absence of the enzyme both conformers are

indistinguishable by gel electrophoresis under non-denaturing
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conditions (Fig. 4F) and are, therefore, very likely identical,
and ii) we could not detect any change in the ratio of intensi-
ties of the slower and the faster migrating band for various
guanosine positions of the partial RNase T1 hydrolysate of modi-
fied tRNAPhe samples (Fig. 4E). This proves that RNase T, does
hydrolyse both conformers at the same speed. It furthermore
strengthens the hypothesis that the difference in mobility is
caused by a conformational difference of the part of the tRNA
involving the fragment 1 to G-30, since only fragments exceeding
position 30 in 5'-direction show a slower mobility on the se-
quencing gels (Fig. 5A). The site of kethoxal modification, how-
ever, initiating such a difference must be located 3' to position

30.
The origin of the slower migrating tRNAPhe conformer

The experiments we performed to determine the origin of
the double band formation of kethoxal modified tRNAPhe are con-
sistent with the following observations and conclusions i) keth-
oxal modification of tRNAPhe results in a rapid formation of a
slower-migrating tRNA conformer visible on denaturating gels.
The formation of this double band is inhibited when the tRNA was
bound to the ribosomal A-site. 1ii) The decrease in mobility of
the modified tRNA is very likely the result of an unfolding of
the tertiary structure, possibly involving the D- and T-loop
interactions. iii) Within the unmodified tRNA these interactions
are normally so stable that they are not fully denatured under
the electrophoresis conditions. iv) Modifications of guanosines
at the D-loop only are not sufficient to create a slower migra-
ting conformer. This is evident from Fig. 5B/D, where guanosines
of the D-loop were kethoxylatéd but no change in mobility occurs.
v) It seems as if kethoxal modification of the G-34 at the anti-
codon loop triggers a conformational instability of the tRNA
molecule, which is expressed in a region distant from the site
of modification.
Comparison with other tRNA binding studies

Effects on tRNA structure upon binding to the ribosome have

been described in several recent studies. In one study (1) the
chemical modification of guanosines, cytidines and adenosines

within tRNAPhe from E. coli was investigated when the deacylated
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molecule was bound to the ribosomal P-site. A protection from
modification was observed for the 3'-terminal nucleotides C-74
and C-75, while a strong enhancement of reactivity could be
detected for G-24 and G-46 in addition to a weak enhancement of
eleven more guanosines. All the effects were observed, however,
regardless as to whether a specific message was present or not.
In a similar study (3), using the same modifying reagents
as in (1), protection from modification occurred at C-74, C-75
near the 3'-terminus, G-34-A-A-msziGA at the anticodon loop

and A-21 at the D-stem, whereas A-73 at the acceptor stem was
Phe

E.coli bound to the ribosomal

enhanced in its reactivity for tRNA
A-site.

These results are in good agreement with the protection
effects at the anticodon loop and the D-loop region presented in
this study. Data for the acceptor stem could, unfortunately, not
be obtained, because there are no kethoxal reactive guanosines
in this part of the molecule.

In a different approach, using [3H] exchange at the purines
of the tRNA bases (14), protection from exchange could be observ-
ed for the 3'-terminus, the anticodon region, as well as for
parts of the T-stem, when the tRNA was bound to the ribosomal
P-site. An enhanced exchange was apparent for the sequence T-
C—G57 at the T-loop and D-D-G18 at the D-loop, indicating a
structural change in these two loops during ribosomal binding.
This result is of particular interest with respect to the struc-
tural destabilisation caused by anticodon modification shown in
this study.

In summary, there seems to be solid evidence for a close
contact between a bound tRNA and the ribosomal A-site not only
at the anticodon loop where codon-anticodon recognition takes
place, but, in addition, in the central part of the tRNA mole-
cule where the D- and T-loops interact. Furthermore, not ob-
served in this study but demonstrated with other methods(1,3,14),
the 3'-terminus of the tRNA is tightly bound to the ribosome.

Kethoxal modification of tRNAPhe leads to a structural
destabilisation of the tRNA molecule. Binding of Phe-tRNAPhe
to the ribosomal A-site inhibits such a destabilisation.

Although the effect on the tRNAPhe structure, probably

588



Nucleic Acids Research

caused by modification of the anticodon loop, is only indirectly
shown in this study, it supports the allosteric properties of the
tRNA molecule shown by us (8) and others :15) earlier. It further-
more demonstrates the use of denaturing acrylamidé gels in
detecting stable RNA structures and structural changes (16j.
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