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Turnip yellow mosaic virus RNA is aminoacylated in vivo

in Chinese cabbage leaves

S.Joshi*, F.Chapeville, and A.L.Haenni

Départment de Biologie du Développement, Institut de Recherche en
Biologie Moléculaire du C.N.R.S., Université Paris VII, 2 place Jussieu,
75254 Paris Cedex 05, France

Communicated by A.L.Haenni
Received on 25 June 1982

Tumip yellow mosaic virus (TYMYV) contains a tRNA-like
structure as an integral part of its genome. This structure is
located at the extreme 3’ end of the viral RNA and is the ac-
ceptor of valine after 3'-terminal adenylation. It is known
that in vitro (with bacterial, yeast, or plant systems) and in
vivo (upon microinjection into Xenopus laevis oocytes) a
series of tRNA-specific enzymes can recognize this structure
in the viral RNA. We report that TYMV RNA is valylated
and consequently adenylated in vivo in its natural host,
Chinese cabbage leaves. This suggests that the acylated form
of the viral RNA could play an important role in the life-cycle
of the virus.
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Introduction

Several plant and animal RNA viruses possess a tRNA-like
structure as an integral part of their genome. In the case of
plant viruses the tRNA-like structure is located at the extreme
3’ end of the RNA; viruses with a multi-partite genome have
conserved this structure in all of their split genomes (for a
review, see Haenni et al., 1982).

The tRNA-like structure of TYMV RNA is one of the most
widely studied. It is recognized in vitro by a series of tRNA-
specific enzymes such as the tRNA-nucleotidyltransferase
(Yot et al., 1970; Litvak et al., 1970), valyl-tRNA synthetase
from different origins (Pinck et al., 1970; Yot et al., 1970;
Kohl and Hall, 1974), a tRNA cytosine-methyltransferase
(Haenni et al., 1975), extracts containing ‘RNase P’
(Prochiantz and Haenni, 1973), the peptidyl-tRNA hydrolase
(Yot et al., 1970), and the elongation factors eEF-1 (Litvak et
al., 1973) and EF-T (Haenni et al., 1974). The Kinetic con-
stants (K, and Vpay) for the aminoacylation of TYMV RNA
using the yeast enzyme are comparable to those for yeast
tRNAVa (Giége et al., 1978).

The 3’ -terminal region of TYMV RNA has been sequenc-
ed (Prochiantz, 1976; Briand et al., 1977; Silberklang et al.,
1977); its tRNA-like structure is entirely encompassed within
the non-coding region of the viral RNA, it is devoid of
modified bases and interestingly CAC — a valine anticodon
— can be adequately positioned in a possible ‘anticodon’
loop. Experiments have recently been performed using
chemical modification methods and specific RNases to deter-
mine more precisely the secondary structure of the tRNA-like
region in TYMV RNA (Rietveld et al., 1982; Florentz et al.,
1982). Surprisingly, the tRNA-like fragment contains
relatively few sequence similarities with tRNAVal (Haenni and
Chapeville, 1980), and even its secondary structure bears little
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resemblance to the classic clover-leaf model of a tRNA
(Briand et al., 1977; Silberklang et al., 1977; Rietveld et al.,
1982; Florentz ef al., 1982). However, upon tertiary folding,
the 80 — 86 nucleotides from the 3’ end of the viral RNA can
be superposed (Rietveld et al., 1982) onto the ‘L’-shaped
structure of tRNAFhe (Kim et al., 1974; Ladner et al., 1975).
This coincides well with the predicted length for the tRNA-
like structure of TYMV RNA (Joshi ef al., 1982): the
minimum length of the 3’-terminal fragment required for
valylation in vitro is 86 nucleotides.

Since tRNA-like structures are highly conserved, they must
play an important role in virus development. A step in under-
standing how this structure is involved in the life-cycle of the
virus, would be to determine whether the viral RNA is amino-
acylated in vivo. After microinjection into Xenopus laevis
oocytes, we have previously shown that TYMV RNA is
adenylated, aminoacylated, and ‘processed’ in vivo, releasing
a 4 —5S Val-RNA fragment (Joshi et al., 1978). In this paper
we present evidence that TYMV RNA is adenylated and
aminoacylated in its natural host, Chinese cabbage leaves.

Results

To examine whether TYMV RNA is aminoacylated in
vivo, it is necessary to distinguish between TYMV [*H]Val-
RNA and cellular [*(H]Val-tRNAs. This is simple since the se-
quence at the 3’ end of the viral RNA differs from that of
host plant tRNAsVa: upon complete RNase T1 digestion and
analysis of the labelled material by t.l.c. on polyethyleneimine
(PEI)-cellulose plates, only [*H]Val-RNA of TYMYV yields a
[*H]Val-pentanucleotide whereas the [*H]Val-tRNAs yield
two longer [3H]Val-oligonucleotides.

Two methods were used to define whether TYMV RNA is
aminoacylated in vivo in the plant leaves: (1) an indirect
method based on the differential in vitro valylation of the
host plant RNAs previously submitted or not to a deacylation
step; (2) a direct method of in vivo valylation using
[*H]valine.

Presence of TYMV Val-RNA in infected Chinese cabbage
leaves

Total RNA extracted from uninfected or TYMV-infected
Chinese cabbage leaves was aminoacylated in vitro with
[*H]valine either directly or after a prior deacylation. This
material was digested with RNase T1 and analyzed by PEI-
cellulose chromatography. The amount of radioactivity con-
tained in the different [*H]Val-oligonucleotides was determin-
ed and the results obtained after 0, 11, and 17 days of infec-
tion are presented in Table I. As compared with the non-
deacylated material, prior deacylation of the total RNA ex-
tracted from infected Chinese cabbage leaves leads to an in-
crease in the level of the in vitro valylated TYMV RNA. This
indicates that the viral RNA had been aminoacylated in vivo.
As infection proceeds the amount of in vivo aminoacylated
TYMYV RNA increases, but the total amount of TYMV RNA
(reflected by the amount of [*H]Val-RNA of TYMV formed
in vitro after previous deacylation) increases more rapidly.
Thus, 38% and 21% of the TYMV RNA are aminoacylated
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Table I. Valylation in vitro of TYMV RNA extracted from Chinese cabbage leaves

Days after infection Deacylation prior to Esterification in vitro (fmol) Val-(t)RNAs formed in vivo?® (fmol)
in vitro acylation [HIVal-RNA of TYMV  [H]Val-tRNAs Val-RNA of TYMV Val-tRNAs
0 3640 270
0 - 0 1170 0
+ @2 3862 2570
11 * 2 o 16
+ 239 3535 "
17 - 188 1192 51

Results are expressed as fmol of valine esterified per 10 ug of total RNA. The values contained in the Val-pentanucleotide correspond to [3H]Val-RNA of
TYMY, and those contained in the two longer Val-oligonucleotides to [*3H]Val-tRNAs.
2fmol of Val(t)RNAs formed in vivo = [fmol of [*H]Val-(t)RNAs obtained by in vitro aminoacylation of totally pre-deacylated (t)RNAs] — [fmol of

[*H]Val-(t)RNAs obtained by in vitro aminoacylation of non-deacylated (t)RNAs].

in vivo after 11 and 17 days of infection, respectively (Table
II). Val-RNA of TYMV, formed after 11 and 17 days,
represents respectively 0.6% and 2.1% of the total amino-
acylated Val-(t)RNAs. The percentage of cellular Val-tRNAs
aminoacylated in vivo as compared with total tRNAs served
as control; it remains constant (~67%, see Table II).

In vivo aminoacylation of TYMV RNA

Before searching for aminoacylation of the viral RNA in
infected leaves, uninfected leaf slivers were incubated with
[*Hlvaline, the [*H]Val-tRNAs isolated, totally digested with
RNase T1, and the behaviour of the resulting labelled
material examined by PEl-cellulose chromatography. As
shown in Figure 1 (left lane), a considerable amount of RNase
T1-resistant material was present in the in vivo labelled
material that masked the Val-oligonucleotides and hindered
their proper evaluation. We could efficiently separate the
[*H]Val-oligonucleotides from this contaminating material by
filtration through a Sephadex G-50 column: the contaminant
of high mol. wt. is excluded from such a column (fractions
13 —15) whereas the Val-oligonucleotides are delayed (frac-
tions 23 —45). This purification step was therefore adopted
for subsequent experiments of direct in vivo aminoacylation.

Aminoacylation in vivo was checked in the 14th leaf from
the outside of three Chinese cabbage plants. On different
days (0—32) after infection the leaf tissue was excised, in-
cubated in the presence of [3H]valine and the RNAs ex-
tracted. After RNase T1 digestion the material was analyzed
by PEI-cellulose chromatography and the fluorogram obtain-
ed is presented in Figure 2. A [3H]Val-pentanucleotide cor-
responding to Val-RNA of TYMV appears already after 6
days of infection. To better quantitate the amount of Val-
RNA of TYMV formed, the material corresponding to the
[*H]Val-pentanucleotide and to the two longer [*H]Val-oligo-
nucleotides (resulting from the digestion of TYMV [*H]Val-
RNA and of endogenous [3H]Val-tRNAs, respectively) was
cut out and its radioactivity determined. In Figure 3 the
percentage of c.p.m. corresponding to the [3H]Val-RNA of
TYMV as compared to the [*H]Val-tRNAs + [*H]Val-RNA
of TYMV is presented as a function of days after infection.
The results obtained in two independent experiments are
shown. The percentage of Val-RNA of TYMYV as compared
with the total Val-(t)RNAs formed in vivo increases with time
and reaches ~9% after 25 days of infection.
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Table II. Percentage of TYMV RNA and of tRNAs aminoacylated in vivo

Days after Val-RNA of TYMV _ Val-tRNAs Val-RNA of TYMV

infection total TYMV RNA  total tRNAs  Val-tRNA + Val-RNA
of TYMV
(%) (%) (%)
0 0 68 0
11 38 67 0.6
17 21 66 2.1

The amount of total TYMV RNA or of total tRNAY? (fmol of TYMV
[*H]Val-RNA or of H]Val-tRNAs obtained by in vitro aminoacylation of
pre-deacylated RNASs) and that of Val{t)RNAs formed in vivo are from
Table I. The percentage of Val-RNA of TYMV as compared with total
Val(t)RNAs formed in vivo is also presented.
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Fig. 1. Purification of [*H]Val-oligonucleotides formed in vivo. The RNase
T1 digests of the in vivo aminoacylated material formed in uninfected
Chinese cabbage leaves were analyzed by PEI-cellulose chromatography.
The fluorogram obtained after 2 weeks exposure shows the RNase T1
digests of the [3H]Val-tRNAs (10 000 c.p.m.) charged in vivo (left lane), in
vitro (right lane), and of a mixture of these two samples (combined so as
to decrease duration of fluorography) purified by filtration through a
Sephadex G-50 column (see Materials and methods). The resulting fractions
were pooled as indicated, lyophilized, and analyzed. The positions of the
[*H]Val-penta- and tredecanucleotides are indicated to the left; they were
established by analyzing the RNase T1 digests of TYMV [*H]Val-RNA and
of Escherichia coli [*H]Val-tRNAs (not shown).
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Fig. 2. Analysis of the [*H]Val-oligonucleotides obtained by RNase T1
digestion of the [*H]Val-(t)RNAs (2500 — 10 000 c.p.m.) formed in vivo in
infected Chinese cabbage leaves. The conditions for aminoacylation in vivo
and analysis were as described under Materials and methods. The fluoro-
gram (developed after 75 days of exposure) indicates the material obtained
after in vivo aminoacylation using Chinese cabbage leaves infected for 0, 6,
10, 14, 20, 26, and 32 days and that obtained after in vitro aminoacylation
of TYMV RNA. The position of the [*H]Val-penta- and tredecanucleotides
are indicated in the left-hand margin.
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Fig. 3. Kinetics of in vivo aminoacylation of TYMV RNA in infected
Chinese cabbage leaves. Results are expressed in percentage of [3H]Val-
RNA of TYMV/[*H]Val-tRNA + [*H]Val-RNA of TYMYV, as a function
of days after infection. ® and O correspond to values obtained in two in-
dependent experiments; the values corresponding to the closed circles result
from the experiment presented in Figure 2.

Discussion

Using two different approaches we have demonstrated that
TYMV RNA is aminoacylated in vivo in its natural host,
Chinese cabbage leaves. The first approach based on dif-
ferential in vitro valylation permits an evaluation of the
TYMYV RNA that is aminoacylated from the beginning of in-
fection to the day when the leaves are collected for analysis.
The second approach based on direct in vivo valylation allows
the determination of the TYMV RNA that is aminoacylated
only during the in vivo labelling period (5 h), but on different
days after infection.

Although the system used (infected leaves) is asyn-

In vivo aminoacylation of TYMV RNA

chronous, as infection proceeds increasing amounts of viral
RNA are aminoacylated (Table I). More than 20% of the
total amount of TYMV RNA contained in the infected leaves
is valylated in vivo (Table II). Late after infection Val-RNA
of TYMV represents ~9% of the total valylated material
(Figure 3).

The following previous indications pointed to a possible
aminoacylation of TYMV RNA in its natural host: (1)
TYMYV RNA is aminoacylated in vitro by leaf extracts (Kohl
and Hall, 1974); (2) its kinetic constants (K, and Vpay) for
aminoacylation in vitro are comparable to those of yeast
tRNAVal (Giégé et al., 1978); and (3) it is aminoacylated in
vivo in X. laevis oocytes (Joshi et al., 1978). Since the viral
RNA as extracted from the virions contains neither valine nor
the 3’-terminal A residue, the Val-RNA must have under-
gone adenylation prior to aminoacylation in the infected
leaves.

For technical reasons it has as yet not been possible to
determine the length of the TYMV RNA that is valylated in
vivo. However, it was previously demonstrated (Joshi et al.,
1982) that cabbage leaf extracts contain RNase(s) capable of
liberating fragments 112 and 117 nucleotides long deriving
from the 3’ end of the viral RNA genome, and indications
existed (Yot ef al., 1971) that a viral RNA fragment of 4 —5S
capable of accepting valine could be recovered from infected
leaves. It is thus likely that such a TYMV Val-RNA fragment
112 (or 117) nucleotides long is formed upon infection, as is
the case when TYMV RNA is microinjected into X. laevis
oocytes (Joshi ef al., 1978). The fragment 112 — 117 nucleo-
tides long represents < 5% of the total length of the genomic
RNA. Such a fragment could also derive from the sub-
genomic TYMV RNA in which the tRNA-like structure is
likewise present (Guilley and Briand, 1978).

The fact that both the genomic and the subgenomic RNAs
present in the virions have escaped adenylation and valylation
in vivo could mean that in order to react with the correspon-
ding enzymes, the aminoacylatable fragment must leave the
highly protected compartment where replication of the RNA
and encapsidation take place. This suggests that after acyla-
tion (outside the compartment) the 3’-terminal RNA frag-
ment acts for the benefit of the virus in one of the metabolic
pathways of the cell by an as yet unknown mechanism; an im-
portant fraction of the genomic and/or of the subgenomic
RNA would be sacrificed for this function.

At the present state of investigation another hypothesis,
although less likely, cannot be excluded: adenylation and
aminoacylation in vivo would not be restricted to the
3'-terminal fragment(s) but would occur on intact genomic
and/or subgenomic RNAs. Some of these Val-RNA mole-
cules would remain unencapsidated because of hinderance by
the terminal Val-AMP, whereas others would lose the Val-
AMP by a specific mechanism before encapsidation. Valyla-
tion of the unencapsidated RNA could play a role either
directly, such as in the regulation of replication, or after
nucleolytic processing as proposed above.

During the course of these studies a communication was
presented indicating that aminoacylation of brome mosaic
virus and barley stripe mosaic virus RNAs occurs in vivo in
infected barley protoplasts (Loesch-Fries ef al., 1981).

Materials and methods

TYMV RNA and enzymes
Healthy and TYMV-infected Chinese cabbage leaves were generously sup-
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plied by S.Astier-Manifacier and P.Cornuet (INRA, Versailles). TYMV was
purified by the method of Leberman (1966), and the viral RNA extracted
under RNase-free conditions (Porter ef al., 1974) and kept at —70°C. E. coli
extracts devoid of tRNAs were prepared as described previously (Yot et al.,
1970). RNase T1 was purchased from Sankyo.

Extraction of RNAs from Chinese cabbage leaves

Three Chinese cabbage plants (2 months old, bearing ~20 leaves each)
were used for each experiment. Three external leaves of each plant were in-
oculated using 100 gl/leaf of a virus suspension (500 ug/ml) and carborun-
dum as abrasive. At 0 (just prior to inoculation), 11, and 17 days after infec-
tion, the 10th, 11th, and 12th leaves respectively from the outside of each
plant were removed and combined. In all cases the central nerves of the leaves
were excised, the leaves weighed (2— 5 g/pool of three leaves) and kept at
—20°C. All further steps were performed at 4°C unless otherwise stated. For
total RNA extraction, uninfected and TYMV-infected leaves were homo-
genized using a Sorvall Omni-mixer and a Kontes potter in a solution (6 ml/g
of leaf) containing 200 mM sodium acetate pH 5, 1.25 mM EDTA, 1% SDS,
and 50% phenol. The aqueous phase was ethanol precipitated three times and
the resulting RNA pellet dissolved in sterile water and kept at —70°C.

Deacylation of RNAs

When indicated, the RNA was deacylated in 100 mM Tris-HCI pH 8.7 for
3 h at 37°C, ethanol precipitated, resuspended in sterile water, and kept at
—70°C. It was verified by electrophoretic analyses on 12% polyacrylamide-
7 M urea gels (Joshi et al., 1982) that this treatment had no deleterious effect
on the RNA since no RNA fragments were produced (not shown).

Aminoacylation in vitro

Aminoacylation in vitro using an E. coli extract devoid of tRNAs was as
described previously (Joshi ez al., 1982), except that 200 ug/ml of total RNA
and 2.6 uM [*H]valine (28 Ci/mmol, C.E.A. Sacley, France) were used. After
15 min at 37°C, aliquots were removed to determine the cold TCA precipit-
able counts. The remaining material was ethanol precipitated and the dried
pellets dissolved in water and kept at — 70°C. Under these conditions the ex-
tent of aminoacylation of the viral RNA (whether previously deacylated or
not) was ~40% (not shown).

Aminoacylation in vivo

The age of the plants and the inoculation conditions were as stated above.
The 14th leaf from the outside of three plants was used to check for amino-
acylation in vivo at different times after infection. On day 0 (before infection)
or on different days after infection, a fragment (10 mg) was removed from the
same leaf of each plant, the fragments combined, rinsed with distilled water,
cut into 1 mm slivers and vacuum-infiltrated using 200 uxl of incubation
medium (Zaitlin and Hariharsubramanian, 1972) containing 10 mM
KH,PO,, 60 ug/ml of actinomycin D (Sigma) and 35.7 uM (1 mCi/ml) of
[*H]valine. After incubation in the presence of light (10 000 lux) for 6 h at
28°C, the leaf strips were washed three times with distilled water and placed at
—70°C. Extraction of total RNA was performed as indicated above except
that 300 ul phenol-buffer solution was used per 30 mg of leaf. After three suc-
cessive ethanol precipitations, the dried pellets were resuspended in distilled
water and kept at — 70°C.

RNase T1 digestion and analysis of [3H)Val-oligonudeotides

The [*H]Val{t)RNAs aminoacylated in vitro (10 pg; 5000 c.p.m.; when
previously deacylated: 15 000 c.p.m.) and in vivo (~70 ug; 20 000—80 000
c.p.m.) were digested with RNase T1 as described previously (Joshi ef al.,
1978). When aminoacylated in vivo, the [*H]Val-oligonudeotides were then
purified as follows. The RNase T1 digests (15— 20 ul) were brought to 0.4%
with blue dextran 2000 and filterd through a Sephadex G-50 (‘medium’, Phar-
macia) column (10 x 0.5 cm? equilibrated with 10 mM acetic acid; fractions
containing 2 drops (~ 100 ul) were collected (5 drops/min). Fractions 23 —45
containing the [*H]Val-oligonucleotides were assembled, lyophilized, and
dissolved in 15 ul water. In all cases, the samples were analyzed by t.l.c. on
PEl-cellulose plates (20 x 20 cm?, plastic backed with fluorescent indicator,
Schleicher and Schiill) as described previously (Joshi et al., 1978). The
chromatogram was soaked in 7% PPO in ether (Randerath, 1970) and expos-
ed at —70°C using a flash-activated (Laskey and Mills, 1975) Kodak X-Omat
R film. Where indicated, after 25— 75 days exposure, the regions of the PEI-
cellulose plates containing the [*H]valine-labelled material were cut out and
counted in the presence of Biofluor (New England Nuclear; 15 ml). The coun-
ting efficiency was 27% of that obtained in the absence of PEI-cellulose. A
blank value (~ 150 c.p.m.) corresponding to the radioactivity present at the
level of the Val-pentanucleotide in the uninfected samples was subtracted.
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