
JOURNAL OF VIROLOGY, Apr. 1980, p. 85-94
0022-538X/80/04-0085/10$02.00/0

Vol. 34, No. 1

Post-Translational Proteolytic Cleavage of In Vitro-
Synthesized Turnip Yellow Mosaic Virus RNA-Coded High-

Molecular-Weight Proteins
MARIE-DOMINIQUE MORCH* AND CLAUDE BENICOURTt

Laboratoire de Biochimie du Developpement, Institut de Recherches en Biologie MokEculaire, Universiti de
Paris VII, 75221 Paris Cedex 05, France

In a reticulocyte lysate, tumip yellow mosaic virus genomic RNA directs the
synthesis of two proteins with molecular weights of 150,000 (150K) and 195K. We
present evidence that the larger protein is processed in vitro, after its completion,
in at least three fragments. The NH2-terminal fragment (82K) and the COOH-
terminal fragment (78K) have been well characterized by different methods. The
fact that the 150K protein is not cleaved in vitro, although it contains the regions
that are processed in the 195K protein, could be of fundamental biological
significance for the expression of the viral genes: a single polypeptide chain could
be processed in several ways, leading to different peptides with distinct biological
activities.

In a nuclease-treated reticulocyte lysate, tur-
nip yellow mosaic virus (TYMV) RNA, ex-
tracted from virion particles, directs, in addition
to its own coat protein, the synthesis of two
high-molecular-weight (HMW) proteins having
molecular weights of 150,000 (150K) and 195K,
respectively, and possessing common amino acid
sequences (6) and the same NH2-terminus (4).
These two HMW proteins are synthesized from
the genomic RNA (molecular weight, 2 x 106),
which is infectious (27) and consequently con-
tains the entire information of the viral genome.
The coat protein is synthesized only from a
subgenomic RNA molecule (molecular weight,
0.25 x 106) (4a, 14, 27, 30) corresponding to the
3' region of the genomic RNA (7, 37).
We have recently shown that the 195K protein

corresponds to the translation of the entire ge-
nomic RNA, except for the coat protein gene.
Using yeast suppressor tRNA's in in vitro trans-
lation experiments, we have demonstrated that
the silent region between the 195K protein and
the coat protein genes is only 14 nucleotides long
(5). Moreover, as in the case of tobacco mosaic
virus RNA, which also directs the synthesis of
two HMW polypeptides (21), the 195K protein
results from a "readthrough" of the termination
codon of the 150K protein gene (unpublished
data). In addition, we have found that subge-
nomic RNAs of TYMV, other than the coat
protein RNA, present in virus preparations (18)
can be translated in vitro into polypeptides with
molecular weights ranging from 10 to 140K, all
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possessing the same NH2-terminal tryptic pep-
tide and corresponding to the full translation of
these incomplete RNA molecules (19).

In this paper, we present evidence that the
195K protein is processed in vitro in the reticu-
locyte lysate and gives rise to well-defined frag-
ments whose biological roles have not yet been
clarified. The fact that the 150K protein is re-
sistant to proteolysis, even after several hours of
incubation and although it contains the peptide
bonds that are cleaved in the 195K protein,
suggests that this process is catalyzed or induced
by the 195K protein itself and, consequently,
that the C-terminal region of this protein is
directly or indirectly involved in the proteolysis,
or that this specific proteolysis is due to differ-
ences in the secondary structures of 150 and
195K proteins.

MATERIAUS AND METHODS
L-[3S]methionine (over 500 Ci/mmol) and L-[3S]-

cysteine (over 500 Ci/mmol) were from New England
Nuclear Corp. Tosylamido-phenylethyl chloromethyl
ketone-treated trypsin (EC 3.4.21.4) was purchased
from Worthington Biochemicals Corp., and micrococ-
cal nuclease (EC 3.1.4.9) was from Boehringer Mann-
heim Corp. Canavanine, parafluorophenylalanine,
puromycin, and edeine were from Sigma Chemical
Co., and N-tosyl-lysyl-chloromethane was from Cal-
biochem. All other chemicals were from Merck Sharp
& Dohme. Thin-layer cellulose plates (Chromogram)
and X-O-Mat-R, RP-1 films were from Eastman Ko-
dak Co. Partially purified yeast amber suppressor
tRNA r and Su- tRNA&' (wild-type tRNA purified
by the same procedure as suppressor tRNA) were a
generous gift of R. Gesteland (University of Utah, Salt
Lake City). Highly purified beef liver tRNAiMet was
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kindly provided by 0. Keilerman and J. P. Wailer
(Ecole Polytechnique, Palaiseau, France), and TYMV-
infected Chinese cabbage leaves were cultivated and
supplied by S. Astier, A. Masson, and P. Cornuet
(Centre National de la Recherche Agronomique, Ver-
sailles, France).

Virus purification and RNA extraction. TYMV
was purified from infected Chinese cabbage leaves by
the method of Leberman (17). TYMV RNA was then
extracted by the phenol-chloroform and sodium do-
decyl sulfate (SDS) method (28). One volume of
TYMV solution (5 mg/ml) was mixed with 0.5 volume
of 100 mM Tris-hydrochloride (pH 7.5)-saturated
phenol, 0.5 volume of chloroform, and 0.1 volume of
20% SDS and stirred at room temperature for 10 min.
After centrifugation, the aqueous phase was stirred
again with 1 volume of chloroformn. The RNA solution
was then brought to 0.2 M with sodium acetate (pH
5.0) and precipitated with ethanol. After centrifuga-
tion, the RNA pellet was dried, dissolved in 10 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesul-
fonic acid)-KOH (pH 7.5), and stored at -70°C.

Reticulocyte lysate preparation and incuba-
tion conditions. Rabbits were made anemic by injec-
tions of N-acetylphenylhydrazine by the method of
Villa-Komaroff et al. (41); the mRNA-dependent re-
ticulocyte lysate was prepared as described by Pelham
and Jackson (25) with minor modifications (6) and
stored in small samples in liquid nitrogen. Incubations
were performed in 50 ,tl containing 25 ,ld of reticulocyte
lysate and 1 mM magnesium chloride, 100 mM potas-
sium chloride, 19 amino acids (except methionine or
cysteine) at 20 ,uM each, 3 ,ug of rat liver tRNA, 3 ug
of TYMV RNA, and 25 ILCi of L-[35S]methionine or
L-[35S]cysteine. Incubations were usually performed at
30°C for 90 min. After incubation, 2-jil samples were
removed, spotted on Whatman 3MM disks, and
treated as previously described (3). Analysis of the in
vitro translation products was performed by electro-
phoresis on polyacrylamide-SDS slab gels prepared by
the method of Laemmli (15). After electrophoresis,
the gel was fixed with a methanol-acetic acid-water
solution (30:7.5:62.5), dried under vacuum, and auto-
radiographed. When necessary, the corresponding au-
toradiogram was scanned on a Joyce-Loebl microden-
sitometer. The molecular weights indicated in the
figures have been determined by comparison with
well-characterized proteins: myosin, 210K; 18 and ,B'
subunits of Escherichia coli RNA polymerase, 165
and 155K; /3-galactosidase, 130K; phosphorylase a,
94K; bovine serum albumin, 68K; ovalbumin, 43K;
carboxypeptidase A, 34.6K; and TYMV coat protein,
20K.
N-terminal labeling of HMW polypeptides. N-

Formyl-["5S]methionyl-tRNAiMet was prepared by the
method of RajBhandary and Ghosh (30). The level of
formylation and the incubation conditions were as
previously described (4).

Analysis of tryptic peptides of in vitro trans-
lation products. Tryptic digestion of labeled proteins
(N-terminal, C-terminal, or uniforn labeling) was per-
formed essentially as described by Morrison and Lod-
ish (20).

Radioactive polypeptides were separated by elec-
trophoresis on polyacrylamide-SDS slab gels and lo-

calized by autoradiography. The corresponding parts
of the gel were excised and incubated in 1 ml of 1%
ammonium bicarbonate (pH 8.6) containing 100,ug of
tosylamido-phenylethyl chloromethyl ketone-treated
trypsin. After 4 h at 37°C with shaking, the superna-
tant was removed, kept at -20°C, and replaced by 1
ml of a fresh trypsin solution. The incubation was
continued overnight. After digestion, the supernatants
were pooled, filtered through membrane filters (0.45
,tm; Millipore Corp.), and dried at 45°C. Tryptic pep-
tides were dissolved in a minimum volume of pyridine-
acetic acid-water buffer, pH 4.75 (5:5:190), and spotted
on a cellulose plate. Electrophoresis was performed in
the same buffer for 120 min at 450 V. The plates were
then submitted to ascending chromatography in an n-
butanol-pyridine-acetic acid-water solvent (37.5:25:
7.5:30). After drying, they were plunged into a PPO
(2,5-diphenyloxazole)-ether solution as described by
Randerath (31) and autoradiographed at -70°C.

RESULTS

Kinetics of HMW protein synthesis. We
followed the synthesis of TYMV RNA-coded
HMW proteins, using the mRNA-dependent re-
ticulocyte lysate system. Samples were removed
at different times and analyzed by electropho-
resis on a 12.5% polyacrylamide-SDS slab gel.
The autoradiogram of the gel presented in Fig.
1 shows that the 150K protein appeared 30 min
after the beginning of incubation and that the
195K protein was detectable after 45 min.
Apart from the HMW proteins and the coat

protein, many polypeptides with molecular
weights ranging from 10 to 140K were synthe-
sized. They can be generated by premature ter-
mination during genomic RNA translation, but
also by the complete translation of smaller RNA
molecules (19).

After 60 min of incubation, an intermediate-
sized polypeptide with a molecular weight of
78K could be detected. This polypeptide did not
appear with the unfmished products originating
from subgenomic RNAs or from premature ter-
mination during genomic RNA translation.
Rather, it appeared once theHMW proteins had
been synthesized, suggesting that it might have
resulted from the cleavage ofHMW proteins. At
the same time, a 120K protein was also detect-
able.
Proteolytic cleavage of an HMW poly-

peptide. Since the analysis of post-translational
modifications was rendered difficult by the
abundance of unfinished polypeptides, we de-
signed experiments in which such polypeptides
were not visible by autoradiography.

Since the elongation rate of protein synthesis
is constant for at least 60 min, and since 30 min
is necessary to synthesize the 150K protein (Fig.
1), if, after a few minutes of incubation, transla-
tion ofTYMV RNA is synchronized by prevent-
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FIG. 1. Kinetics ofTYMVRNA-codedprotein syn-
thesis in the reticulocyte lysate. Incubation was per-
formed under standard conditions as described in
the text, in the presence of L -P68]methionine. At
different times, 5-1l samples were removed from the
incubation mixture and denatured. The samples were
then analyzed by electrophoresis on a 12.5% poly-
acrylamide-0.1% SDS slab gel and autoradiography.

ing the formation ofnew initiation complexes by
addition of edeine, and if L-[3S]methionine is
added only 25 min after this synchronization, we
would expect to find the radioactivity in poly-
peptides with molecular weights larger than
150K and only in their C-terminal region. On
the other hand, if formyl-[35S]methionyl-
tRNAiMet is used as the only source of radioac-
tivity in the translation experiments, the N-ter-
minal methionyl residue will be the only one to
be labeled in the translation products.
These procedures were used to label the C-

terminal or the N-terminal regions of the viral
proteins. The results are shown in Fig. 2. Lane
1 shows the pattern observed when the nuclease-
treated reticulocyte lysate was incubated in the
absence of exogenous mRNA. In addition to
residual globin synthesis, a strong band, with an
apparent molecular weight of 45K (Endo), is
visible. In lane 2, the experiment was performed
in the presence of TYMV RNA under standard
conditions (see above), except that L-[3S]methi-
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onine was omitted at zero time. After 5 min, 20
,uM edeine was added; 25 min later, L-[3S]me-
thionine was introduced, and the incubation was
pursued for 60 min. The autoradiogram (lane 2)
shows that most of the unfinished polypeptides
and the coat protein which were visible in the
unifonn labeling experiment (lane 4) disap-
peared. As expected, the two HMW proteins
(150 and 195K) are visible, as well as the endog-
enous polypeptide (Endo) and a peptide with a
molecular weight of 78K. This suggests that the
78K protein results from the cleavage of one of
the HMW polypeptides and corresponds to the

1 2 3 4 4.

< 195K5K

* 150K _ _8.2K

82K
-d 78K-B.

Endo. .
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FIG. 2. C-terminal and N-terminal labeling of
TYMVRNA-codedproteins in the reticulocyte lysate.
Lane 1 shows the pattern ofproteins labeled in the
mRNA-dependent reticulocyte lysate in the absence
ofadded TYMVRNA. In lane 2, the experiment was
performed under standard conditions, except that L -
[36S]methionine was omitted at zero time. After 5 min
of incubation, edeine was added at 20 jiM. At 25 min,
L -[/S]methionine was added at 500 AiCi/ml, and the
incubation continued for 60 min. Lane 3 represents
the pattern ofTYMVRNA-directed proteins synthe-
sized in the presence of formyl-[CS]methionyl-
tRNA,M"e as the only source of radioactivity. Lane 4
corresponds to uniformly labeled TYMVRNA-coded
proteins synthesized under standard conditions in
thepresence ofL -[35S]methionine, and lane 4 * shows
a shorter exposition by autoradiography of lane 4.
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C-terminal part of this molecule. However, one

can also suppose that it is not related to the
HMW proteins but is synthesized at a much
lower rate and consequently contains labeled
amino acids.
When the incubation was performed in the

presence offormyl-[35S]methionyl-tRNAiMet, the
coat protein and the two HMW polypeptides
were labeled (see Fig. 7), and a protein with a

molecular weight of 82K was visible. It can also
be detected among the uniformly labeledTYMV
RNA-coded products (lanes 4 and 4*). This 82K
polypeptide could originate either from the
cleavage ofpremature termination ofHMW pro-
teins or from the synthesis of a protein that was
initiated at an internal initiation site on the
genomic RNA. Such an internal initiation has
been observed in vitro during poliovirus RNA
translation (8) and in several other cases (23, 24,
34, 40).
To demonstrate that the 78K protein is pro-

duced by the proteolytic cleavage of a larger
product, incubations were performed in the pres-
ence of different amino acid analogs: canavanine,
N-tosyl-lysyl-chloromethane, and parafluoro-
phenylalanine, which correspond to arginine, ly-
sine, and phenylalanine, respectively. It is known
that these analogs are incorporated into poly-
peptide chains but modify the structure of the
proteins in such a way that recognition by pro-
teases and proteolytic cleavage of peptide bonds
do not occur (13). Figure 3A corresponds to the
autoradiogram of polypeptides C-terminal la-
beled as in Fig. 2, but synthesized in the presence
of different amino acid analogs. In the presence
of canavanine (lane 4), N-tosyl-lysyl-chloro-
methane (lane 5), and a mixture of the three
analogs (lane 7), total protein synthesis was
slightly reduced, and the 78K protein level was
lowered compared with the HMW polypeptides.
This indicates that this polypeptide results from
the proteolytic cleavage of a larger molecule.
The scanning of the different lanes (Fig. 3B)
permits a better visualization of the influence of
the incorporated analogs on the appearance of
the 78K protein.

In addition, in the presence of N-tosyl-lysyl-
chloromethane (lanes 5 and 7), the Endo protein
was not labeled. At the present, we have no

rational explanation for this observation. Never-
theless, it is interesting to note that the radio-
activity ofthe Endo protein increased for several
hours after addition of edeine and puromycin
(see Fig. 8). We have, moreover, observed that
the labeling of the Endo protein also occurs in
the presence of sparsomycin (data not shown).
It is most likely that it corresponds to the post-
translational enzymatic addition of methionine
or ofone ofthe methionine degradation products

to a protein already present in the reticulocyte
lysate. Post-translational addition of amino
acids has been shown to be catalyzed by ami-
noacyl tRNA-protein transferases.
Correspondence of the 78K protein with

the C-terminal region of the 195K poly-
peptide. To determine from which polypeptide
the 78K molecule derives, the C-terminal-la-
beled 78, 150, and 195K proteins were separated
by polyacrylamide gel electrophoresis, excised
from the gel, and submitted to tryptic hydrolysis.
The resulting tryptic peptides were separated by
electrophoresis and chromatography. The cor-
responding autoradiograrns are presented in Fig.
4. Several [35S]methionine-labeled peptides
present in the 195K protein were absent in the
150K protein. They derive from the fragment
which extends from 150 to 195K. All these extra
peptides were present in the 78K protein. This
demonstrates unambiguously that the 78K frag-
ment corresponds to the C-terminal region of
the 195K protein.

In another experiment, incubations were per-
formed with TYMV RNA as messenger, in the
presence of yeast amber suppressor tRNA or
yeast Su- tRNA and of L-[35S]cysteine. Under
such conditions we have previously demon-
strated that a protein is produced by a read-
through of the amber termination codon of the
195K protein gene. When L-[35S]cysteine was
used as the labeled amino acid, most of the
unfinished polypeptides did not appear (Fig. 5).
This is probably due to the fact that cysteine
codons of the HMW protein genes are located in
the 3' region of TYMV genomic RNA. Under
standard conditions (lane 1) and in the presence
of yeast Su- tRNA (lane 2), the two HMW
proteins were synthesized, and the 78K poly-
peptide was formed. When yeast amber sup-
pressor tRNA was added to the incubation (lane
3), the 210K protein appeared, as well as an
extra peptide that migrated more slowly than
the 78K fragment (788UP) and that was probably
produced by the proteolytic cleavage of the 210K
protein.
These two experiments are strong arguments

in favor of the presumption that the 78K peptide
corresponds to the C-terminal region ofthe 195K
protein.
Correspondence of the 82K polypeptide

with the NH2-terminal region of the BMW
proteins. To distinguish between the two pos-
sibilities concerning the origin of the 82K prod-
uct, 82, 150, and 195K proteins labeled at their
NH2-terminus were isolated and, after tryptic
digestion, analyzed as described for the 78K
protein studies. The autoradiograms of the ini-
tiator tryptic peptides presented in Fig. 6 show
that these peptides are identical in all three

J. VIROL.



195K

150K

78 K

EBidc

B

-I

2 195K

150K

Ed.
78K I).

.1
3 L

3

I

I A1

J

5

---,i ----
1~~~~~~~~~~~~~- C

5

-1

4

!_-~~~~~~~~~~~~~~~~~~~~~~~~ ½1

FIG. 3. Effect of amino acid analogs on the synthesis, in the reticulocyte lysate, of TYMV RNA-coded
proteins, separated by electrophoresis on a 12.5% polyacrylamide-0.1% SDS slab geL (A) Autoradiogram of
the gel; (B) microdensitometer tracing of the different lanes of the autoradiogram. Lane 1 corresponds to the
proteins labeled in the absence ofTYMVRNA. Lane 2 shows the TYMVRNA-coded polypeptides that have
been C-tenninal labeled as in Fig. 2. In lane 3, incubation was performed as in lane 2, except that arginine,
lysine, andphenylalanine were excluded from the incubation mixture. In lanes 4 through 7, incubations were
identical to that of lane 3, but the following analogs were added at 1 mM: lane 4, canavanine; lane 5, N -tosyl-
lysyl-chloromethane; lane 6, parafluorophenylalanine; and lane 7, a mixture of the three analogs. All
incubations were performed at 30°C for 90 min.
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FIG. 4. Comparison off[35S]methionine-containing
trypticpeptides ofthe C-terminal-labeled 78, 150, and
195K proteins by two-dimensional analysis on cellu-
lose plates. Experiments and PPO treatment of the
plates before autoradiography were performed as
described in the text. Arrows represent radioactive
tryptic peptides present in both the 78 and the 195K
proteins and absent from the 150K protein.

proteins. The existence of two spots is due to
partial oxidation of methionine. This suggests
that the 82K molecule is a post-translational
cleavage product of the HMW proteins. Supple-
mentary peptides present in the 82K and in the
mix (82 + 195K) patterns could be due to partial
deformylation or to post-translational modifica-
tions of the NH2-terminus of the 82K protein.
Nevertheless, confirmation that the 82K protein
is produced by post-translational cleavage is pre-
sented in Fig. 7. In this experiment, incubations
were performed in the absence or in the presence

J. VIROL.

of N-tosyl-lysyl-chloromethane; examination of
Fig. 7 indicates that in the presence of the amino
acid analog (lane 2), the 82K protein is less
apparent than in the control incubation (lane 1).
This strongly suggests that the 82K product
corresponds to the NH2-terminus of the HMW
proteins.
Different destinies of 150 and 195K pro-

teins. In the presence of edeine, TYMV RNA-
directed protein synthesis stops within 45 to 60
min (data not shown). To follow the post-trans-
lational modifications of C-terninal-labeled
HMW proteins, the incubation mixture was
maintained at 300C for several hours and ana-
lyzed at different times by gel electrophoresis. A
scan of the autoradiogram of the gel is shown in
Fig. 8. As a function of time, the amount of 78K
protein increased, at least for 2 h. After that,
nonspecific degradation of the 78K probably oc-
curred. This confirms the previous results and
shows that this protein really corresponds to a
post-translational event. Figure 8 also shows
that the 150/195K ratio strongly increased dur-
ing the incubation, demonstrating that mainly
the 195K was cleaved.
The 195K protein possesses at least two

cleavage sites. We have demonstrated that the
78K protein corresponds to the C-terminal re-
gion of the 195K polypeptide and that the 82K
fragment derives from the NH2-terminus of this
polypeptide. We have been unable to demon-
strate unambiguously that the 82K protein does

;i-i1 95 K

-150K

78Sl')

~78K

FIG. 5. Effect of yeast suppressor tRNA on the
synthesis ofHMWproteins in the reticulocyte lysate.
Incubations were performed under standard condi-
tions at 30°C for 90 min, except that L -[35S]methio-
nine was replaced by L-[35S]cysteine and yeast
tRNA's were added as indicated. After appropriate
treatment, theproducts were separated by electropho-
resis on a 7.5% polyacrylamide-0.1% SDS slab gel as
described in the text. Lane 1: without yeast tRNA;
lane 2: with Su tRNAser at 20 pg/ml; lane 3: with
amber suppressor tRNASer at 20 p.g/ml.
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195K 150K

.

O I _ a

82K Mix*~~~~~~~. _@.... .........
FIG. 6. Comparison of the [3Slmethionine-labeled initiator tryptic peptides of the 195, 150, and 82K

proteins. The proteins were labeled using formyl-[35S]methionyl-tRNAaMe,' and the resulting tryptic peptides
were separated by electrophoresis and chromatography on cellulose plates as described in the text. From left
to right, the different panels correspond to 195, 150, and 82K and a mixture of 195 and 82K, respectively. In
this last experiment, the hydrolysis of both proteins was performed in the same tube.

not derive from the 150K protein, but the fact
that the two HMW polypeptides do not follow
the same degradation rates argues against this
possibility. In addition, if the 150K protein had
been cleaved at site B indicated in Fig. 9, a 33K
fragment should have been generated and de-
tected by C-terminal labeling. This was not the
case (see Fig. 2, lane 2) and suggests that prote-
olytic cleavage does not occur at this site in the
150K protein. In the same way, if the 150K
protein had been split at site A (Fig. 9) in the
absence of cleavage at site B, a 68K fragment
should have been detected in the C-terminal
labeling experiment. Such peptides (33 and 68K)
were undetectable in Fig. 2. All these observa-
tions suggest that the 150K protein is not cleaved
in the reticulocyte lysate. As the 195K protein
gives rise to the 78 and 82K fragments, it implies
that another peptide with a molecular weight of
35K is also produced by proteolysis and that at
least two cleavage sites are present along the

&__ C.p.

FIG. 7. Effect ofamino acid analog on the appear-
ance of the TYMV RNA-coded 82K protein in a

reticulocyte lysate. Incubations were performed using
formyl-[3S]methionyl-tRNAjMe' as the sole source of
labeling, as described in the text, except that lysine
was omitted from the amino acid mixture. After in-
cubation, the proteins were separated by 12.5% poly-
acrylamide-0.1% SDS slab gel electrophoresis and
localized by autoradiography. Lane 1 corresponds to
an incubation performed for 90 min at 300C without
addition of amino acid analog. In lane 2, incubation
was as in lane 1, except that N-tosyl-lysyl-chloro-
methane was added at I mM.

1 2
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FIG. 8. Effect of incubation time on the post-trans-
lational processing of the TYMV RNA-coded 195K
protein in a reticulocyte lysate. Incubation and C-
terminal labeling were performed as for Fig. 2, lane
2, in a final volume of 100 jil, except that puromycin
was added at 200 piM after 1 h ofincubation. Samples
(15 ,ul each) were removed at different times and
denatured before analysis by electrophoresis on a

12.5% polyacrylamide-0.1% SDS slab gel. The auto-
radiogram ofthe gel was analyzed by microdensitom-

®A\

195K *NH 82K I 35K I

150K NH2 82K I
t

78K rnnw

35K I 33K_ COOH
68K

FIG. 9. Schematic drawing of the different hypo-
thetical cleavage sites of the 195 and 150Kpolypep-
tides. A and B correspond to the two proteolytic
cleavage sites characterized on the 195K protein.
Symbols: 0, incorporation of methionine into the
TYMVRNA-coded HMWproteins during the C-ter-
minal labeling experiments; *, NH2-terminal label-
ing by formyl-[35S]methionyl-tRNAiM"t ofthe 150 and
195Kproteins.

195K polypeptide (Fig. 9). Using NH2-terminal
and C-terminal labelings, we were unable to
detect such a fragment. Further experiments
using a pulse-chase procedure and uniformly
labeled molecules are in progress to find the 35K
fragment.

DISCUSSION
For several years evidence has accumulated

that the genetic expression of RNA viruses
might occur through different mechanisms. The
synthesis of structural proteins can be due to
the translation of subgenomic RNAs that cor-
respond to the 3' part of the viral genome (2, 9,
12, 27, 29, 35). Sometimes, and specifically for
picornaviruses, viral proteins are generated by
the proteolysis of large precursor polypeptides
(1, 22, 23, 36, 39, 42). In addition, it appears that,
at least in vitro, some internal initiation sites
can bind ribosomes and allow the synthesis of
viral proteins (8, 23, 24, 34, 40). Finally, in some
cases, the synthesis of a viral protein results
from a readthrough of a termination codon lo-
cated upstream of the coding region of this pro-
tein (11, 21, 26). Such a readthrough occurs both
in vivo and in vitro. During the translation of
TYMV RNA in the reticulocyte lysate, most of
these mechanisms are used for the synthesis of
virus-specific proteins. The coat protein synthe-
sis is only due to the translation of the corre-
sponding subgenomic RNA (4a). Moreover, we
have recently shown that the 195K protein is a
readthrough protein generated by suppression
of the opal termination codon of the 150K pro-
tein gene (unpublished data). In the reticulocyte
lysate, a tRNA species specific for tryptophan is
involved in a similar suppression during rabbit
,f-globin mRNA translation in vivo and in vitro
(8a). Finally, the results presented in this paper
demonstrate that the 195K protein is cleaved

eter tracing of the different lanes as described in the
text. From top to bottom, the patterns correspond to
the samples removed after 1 to 6 h of incubation.

J. VIROL.
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m7GnDG- AUG _UGA.

150K COOH

NH2 195K 4 COOH

NH2 120K 78K COOH

NH2 82K + 35K?

FIG. 10. Organization of the TYMVgenomic RNA and possible scheme of the post-translational modifi-
cations ofHMW proteins coded by the viral RNA. The 35K fragment has not yet been characterized and
therefore is designated as "35K?." AUG corresponds to the common initiator triplet of both 150 and 195K
proteins, and UGA and UAG correspond to the terninator triplets of150 and 195Kprotein genes, respectively.

into at least three fragments. In Fig. 1, a 120K
polypeptide is detected together with the 78K
protein. The fact that the amount of the 120K
polypeptide is constant between 60 and 120 min
indicates that this polypeptide results from the
primary cleavage of the 195K protein and that
it must be the precursor of the 82K fragment.
This is summarized in Fig. 10.

It is interesting to stress that the 150K product
is not split in the reticulocyte lysate although it
contains most of the amino acid sequences pres-
ent in the 195K protein. One possibility could be
that the 195K precursor possesses a proteolytic
activity in its C-terminal region, directly in-
volved in the processing. The 150K protein,
which does not contain this C-terminal region,
would be unable to catalyze its own cleavage.
Such virus-specified proteolytic activities have
been well characterized in the case of encepha-
lomyocarditis virus (16), of adenovirus type 2
(32), and of Rous sarcoma virus (42). However,
one cannot exclude that the conformation of the
195K protein is such that sites A and B are
accessible for degradation and that this is not
the case for the 150K protein.

Differential proteolytic cleavage of proteins
possessing common features could be of major
importance for the genesis of viral proteins. A
single peptide may possess different biological
roles depending on its folding and its location in
the proteins. In the case of Qf RNA bacterio-
phage, Al protein is necessary for the infectivity
of viral particles. This protein is a readthrough
product of the coat protein gene (11). Conse-
quently, addition of amino acids to the C-ter-
minal region of the coat protein leads to a pro-
tein possessing a new biological function. Re-
cently, in the case of the avian sarcoma virus
B77 strain, it has been shown that the reverse
transcriptase contains peptide sequences belong-
ing to the gag proteins (10). This is probably
due to incomplete processing of the precursor
polypeptide by the virus-coded protease.

Nothing is known about TYMV RNA-coded
products in vivo and their biological roles. Ex-
periments with TYMV-infected Chinese cab-
bage protoplasts have been undertaken to detect
virus-specific polypeptides in vivo and try to
correlate both in vivo and in vitro observations.
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