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The hypothetical replicase or replicase subunit cistron in the
5' -proximal part of tobacco mosaic virus (TMV) RNA yields
a major 126-K protein and a minor 183-K 'readthrough' pro-
tein in vivo and in vitro. Two natural suppressor tRNAs were
purified from uninfected tobacco plants on the basis of their
ability to promote readthrough over the corresponding UAG
termination codon in vitro. In a reticulocyte lysate the yield of
183-K readthrough protein increases from -lOWo in the
absence of added tobacco plant tRNA up to -350%o in the
case of pure tRNATyr added. Their amino acid acceptance
and anticodon sequence (GIA) identifies the two natural sup-
pressor tRNAs as the two nonnal major cytoplasmic
tyrosine-specific tRNAs. tRNATYr has an A:U pair at the
base of the TIC stem and an unmodified G1o, whereas
tRNATYr contains a G:C pair in the corresponding location
and m2G in position 10. This is the first case that, in a higher
eukaryote, the complete structure is known of both the
natural suppressor tRNAs and the corresponding viral RNA
on which they exert their function. The corresponding codon-
anticodon interaction, which is not in accordance with the
wobble hypothesis, and the possible biological significance of
the readthrough phenomenon is discussed.
Key words: readthrough/tobacco mosaic virus (TMV)/tobac-
co plant tRNAsTyr/translation/UAG suppression

Introduction
Mutagenesis of tRNA genes, mainly in the anticodon, leads
to 'induced suppression', i.e., misreading of termination
codons, and has preferentially been studied in prokaryotes
and lower eukaryotes. In contrast, 'natural suppression' is the
readthrough over termination codons stimulated by any
tRNA, i.e., 'natural' suppressor tRNA, in wild-type cells. In
higher eukaryotes, only a few cases of natural suppression
have been observed. In murine leukemia virus, the viral
RNA-dependent DNA polymerase appears to be a product of
an amber codon misreading (Philipson et al., 1978; Murphy
et al., 1980). Here, the biological significance of the read-
through process is obvious, whereas the corresponding sup-
pressor tRNA is as yet unknown. A tRNATrP has been iden-
tified in rabbit reticulocytes which promotes readthrough
over the UGA termination codon of rabbit ,3-globin mRNA
in reticulocyte extracts as well as in reticulocyte cells (Geller
and Rich, 1980). Furthermore, a tRNATyr has been identified
in Drosophila which stimulates UAG readthrough in Xeno-
pus oocytes (Bienz and Kubli, 1981). Another UGA sup-

pressor tRNA was purified from bovine liver and sequenced.
It has unusual structural and functional features, in that it has
a tryptophan anticodon, which binds exclusively to the UGA
codon, and it is charged with serine, which in turn can be
phosphorylated to form phosphoseryl-tRNA (Diamond et
al., 1981; Hatfield et al., 1982). In these three latter cases,
natural suppressor tRNAs have been identified and sequenc-
ed, respectively, however the biological function of the read-
through process is as yet completely obscure.

Readthrough also occurs in several plant virus systems.
One example is the suppression of a UAG termination codon
in tobacco mosaic virus (TMV) RNA. This RNA can be
translated in various cell-free systems to yield a 'normal'
126-K protein, and a 183-K readthrough protein (Bruening et
al., 1976; Beachy and Zaitlin, 1977; Pelham, 1978). Viral pro-
teins of the same size as the two polypeptides synthesized in
vitro were detected in TMV-infected cells (Paterson and
Knight, 1975; Siegel et al., 1978; Beier et al., 1980).

Here we show that two normal tRNAsTyr from tobacco
plants, the natural host of TMV, promote the UAG read-
through during TMV translation in vitro and we propose that
they have the same function in the infected plant in vivo.

Results
TM V-specific proteins synthesized in tobacco protoplasts
Virus-induced protein synthesis in tobacco infected with
TMV has been investigated in intact plants (Zaitlin and Hari-
harasubramanian, 1972) and in isolated tobacco protoplasts
(Sakai and Takebe, 1974; Paterson and Knight, 1975; Siegel
et al., 1978; Beier et al., 1980). A polypeptide of - 120 000
mol. wt. has been reported in all cases to be the major non-
coat protein synthesized in tobacco cells after infection with
TMV. A second virus-specific protein with mol. wt. of

- 180 000 has been identified by some workers (Paterson and
Knight, 1975; Siegel et al., 1978) but its nature as a virus-
induced protein has been doubted by others (Huber, 1979).
We re-investigated the presence of the 180-K protein in

tobacco protoplasts and compared the virus-specific proteins
synthesized in vivo with the products translated in vitro from
TMV RNA (Figure 1). Furthermore, we wanted to confirm
that the pattern of TMV protein synthesis is the same, in-
dependent of the nature of the tobacco variety chosen as a
source for protoplasts. All experiments up till now were done
with different cultivars of Nicotiana tabacum, whereas we
preferred N. rustica as a host because this species yields very
stable protoplasts independent from growth conditions of the
intact plant and since the tRNAsTyr described here were
mainly isolated from this source. As can be seen in Figure 1,
we obtained essentially the same pattern of virus-induced pro-
teins as previously described for N. tabacum. The same two
high mol. wt. proteins (126 K and 183 K) could be detected in
infected protoplasts and in vitro (Figure 1). The TMV coat
protein (17.5 K) is synthesized late during infection in vivo,
but not at all in vitro.
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Fig. 1. Comparison of virus-specific proteins from TMV vulgare-infected
tobacco protoplasts with the corresponding in vitro translation products.
The left panel shows the gel electrophoretic analysis of 35S-labeled proteins
synthesized in tobacco protoplasts. Protoplasts were inoculated with
4 jig/mn TMV vulgare (+) or with buffer only ( -) and incubated for the
times indicated below. [35S]Methionine (3 ACi/ml) was added 16 h after in-
oculation. The analysis of polypeptides translated in vitro from TMV RNA
is shown in the right panel. The translation mixture was supplemented with
50 Ag/ml calf liver tRNA. Numbers indicate mol. wts. of the products.

Purification of tobacco tRNA Tyr and tRNATYr and detection
of suppressor activity
Tobacco tRNAsTyr were isolated from unfractionated tRNA
by a two-step chromatographic procedure consisting of BD-
cellulose followed by Sepharose 4B chromatography. Two
major tyrosine tRNAs eluted from BD-cellulose as shown by
aminoacylation assays with [3H]tyrosine (Figure 2). Essential-
ly the same elution pattern was obtained for the fractionation
of tRNA derived from different tobacco varieties; however,
the relative yield of the two isoacceptors varied in some
preparations. The two tRNAsTyr are likely to be of cyto-
plasmic origin since they are the prominent tyrosine-accepting
species in the total tobacco tRNA fraction, and since chloro-
plast tRNATyr is not or only very slowly aminoacylated by
cytoplasmic synthetases (A.Steinmetz, personal communica-
tion) as used here. Mitochondrial tRNATyr would be expected
in trace amounts only.

Suppressor activity was detected in a messenger-dependent
reticulocyte lysate to which TMV RNA and tRNA of the cor-
responding column fractions was added. Both fractions con-
taining tyrosine tRNAs stimulated readthrough of the UAG
codon in TMV RNA, e.g., enhanced the synthesis of the
183-K protein (Figure 2, lower panel). The two fractions from
the BD-cellulose column with highest suppressor activity
(e.g., tRNATyr and tRNATyr) were pooled and used for fur-
ther fractionation on a Sepharose 4B column in parallel
chromatographic runs. As can be seen in Figure 3, suppressor
activity was again correlated with a tyrosine tRNA-rich frac-
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Fig. 2. BD-cellulose chromatography of unfractionated tobacco tRNA. Ap-
proximately 1000 A260 units of total tRNA were loaded onto a BD-cellulose
column and fractionated by elution with a linear gradient of 0.35 - I M
NaCl. The fraction volume was 2 ml. A260 absorbance is indicated by open
circles (0 O). One A260 unit of each of the appropriate column frac-
tions was removed and the tRNA was precipitated with 2 volumes of
ethanol. Following centrifugation the tRNA was redissolved in water to a
final concentration of 5 mg/ml. These solutions were used for aminoacyla-
tion and in vitro translation assays. The tRNATYr content of fractions
50-140 was determined by aminoacylation with [3H]tyrosine (A A).

The reaction volume was 15 td, contained 5 gg of tRNA collected from the
corresponding column fractions and aminoacyl-tRNA synthetases from a
yeast extract. The lower panel shows a fluorogram of a 10% SDS-
polyacrylamide gel of [35S]methionine-labeled proteins after in vitro transla-
tion of TMV RNA in the presence of 100 /g/ml tRNA from the cor-
responding column fractions. The mol. wts. of the major translation pro-
duct and the readthrough protein are shown. The bars indicate the frac-
tions with maximal suppressor activity which were pooled for further
purification of tRNATYr and tRNA Yr. The ratio of 183 K: (126 K + 183
K) was 0.1 to 0.12 in fractions without suppressor tRNA, and it was prac-
tically the same if the lysate was supplemented with calf liver tRNA. This
ratio increased up to 0.22 in the fractions enriched in tRNAsTYr.

tion. Further aminoacylation assays indicated that this frac-
tion contained, in addition to tRNATyr, a tRNASer and no
tRNATrp.
The final purification of the tobacco tyrosine tRNAs con-

sisted of a two-dimensional gel electrophoresis step. This pro-
cedure resulted in the separation of three tRNA species, only
one of which (No. 3) upon elution, could be charged with
tyrosine and showed suppressor activity (Figure 4, panel B).
This material appeared to be quite pure as judged by the
absence of extra bands in the RNA 'ladder' obtained during
fragment analysis according to Stanley and Vassilenko (1978)
and in the 'ladder' produced after alkaline digestion of the
corresponding 3' -32p- or 5' -32P-labeled material isolated as
shown in Figure 4, panel C.

Successive purification of tRNAsTyr led to an increase of
their relative suppressor activity as measured by the percen-
tage of 183-K protein synthesized in vitro in relation to the
synthesis of both, the 126-K and 183-K protein. In our reti-
culocyte lysate used for the in vitro translation ofTMV RNA,
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- lOto of the 183-K product is synthesized in the absence of
added tRNA. Addition of tRNATYr to the lysate results in an
increase of readthrough protein synthesis, from 25% in
tyrosine-rich fractions collected after BD-cellulose chromato-
graphy up to -35%o with pure tRNATYr.
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Fig. 3. Sepharose 4B chromatography of partially purified tRNATYr. Ap-
proximately 20 A2w units of tRNATYT partially purified by BD-cellulose
chromatography (Figure 2, fractions 75 -86) were loaded onto a Sepharose
4B column and fractionated by elution with a reverse (NH,2SO4 gradient
ranging from 2 M to 1 M. The line with open circles indicates A2w absor-
bance (0 O). An aliquot of each appropriate fraction was removed,
dialysed against distilled water and the tRNA was then precipitated with
2.5 volumes of ethanol and 0.1 volume of 2 M KOAc, pH 6.0. Following
centrifugation the tRNA was redissolved in water to a final concentration
of I mg/ml. These solutions were used for aminoacylation with [3H]-
tyrosine (A A) and as probes for readthrough activity as described in
Figure 2. The ratio of 183 K: (126 K + 183 K) was 0.12 in fractions not
containing tRNATYr, and increased up to 0.28 in the tRNATYr fractions.

Two-dimensional gel electrophoretic separation of total
tRNA and of partially purified tRNATYr yields a variety of
tRNA species which were also tested for their tyrosine accep-
tance ability and for suppressor activity (Figure 4, panel A).
The arrow indicates the position of suppressor tRNATYr. It is
obvious that even in unfractionated tobacco tRNA the sup-
pressor tRNATYr migrates as the fastest tRNA species in the
second dimension and is clearly separated from the bulk of
the tRNAs. The two tRNATYr species eluting from the BD-
cellulose column at different salt concentrations are not
separated by the two-dimensional gel electrophoresis.
Nucleotide sequence of the two tRNAsTYr isoacceptorsfrom
tobacco plants
The most informative procedure in determining the nucleo-
tide sequence of tRNAsTYr was the fragment analysis of par-
tially digested tRNA according to Stanley and Vassilenko
(1978), which was used with some modifications.
The 5' nucleotide of each eluted fragment was analyzed by

cellulose t.l.c. in two different solvents as shown in Figure 5.
Modified nucleotides were identified according to their
relative position in the two-dimensional system of Nishimura
(1979). In some cases they were further examined by re-
chromatography with authentic standards. The dinucleotide
pGmpG was eluted and digested with a 100-fold concentra-
tion of nuclease P1 and re-chromatographed with authentic
pGm as a marker. Additional confirmation for the sequences
of tRNAsTYr was obtained from RNA sequence gels (Donis-
Keller et al., 1977; Peattie, 1979; Krupp and Gross, 1983) and
by mobility shift analysis.
The complete nucleotide sequence of the tobacco

tRNAsTYr4s shown in Figure 6. Ribothymidine which was not
detectable in the TIC loop of the tRNAsTYr is replaced by
unmodified U. The modified nucleoside U* next to m7G is
most likely 3-(3-amino-3-carboxypropyl)uridine (apc3U) for
the following reasons: (a) chemical sequence analysis (Peattie,
1979) showed a strong U-specific reaction, whereas there was
no cleavage in base-specific enzymatic digestions; (b) the
chromatographic behaviour was that of apc3U, although we

Fig. 4. Two-dimensional gel electrophoretic separation of unfractionated tobacco tRNA and partially purified tRNATYT. About 40 Ag of total tRNA (A) and
5 Ag of tRNATYr partially purified by successive chromatographic runs on BD-cellulose and Sepharose 4B columns (B) were first loaded on a 10% polyacryl-
amide gel, pH 3.5 (from right to left), followed by a second dimension (12.5% polyacrylamide, pH 8.3, from top to bottom). Gels were stained with
toluidine blue and destained as described in Materials and methods. Under these conditions -0.5 yg of tRNA per spot can be detected. The stained spots are
presented schematically. The total number of spots (closed and open circles) in panel A represent the tRNA pattern of unfractionated tRNA whereas the clos-
ed circles alone indicate the tRNA pattern of partially purified tRNATYr after BD-cellulose chromatography. All spots visible in panels A and B were excised
from the gel, the tRNA was eluted in the absence of carrier RNA and precipitated with ethanol. The dried material eluted from each spot (-2 pug) was direct-
ly used for aminoacylation with [3H]tyrosine and in vitro translation experiments in parallel assays. An example for the latter is given in panel D which shows
a fluorogram of a 10% SDS-polyacrylamide gel of tRNA species No. I-3 eluted from B. The arrow in panels A and B indicates the tRNA species which
showed highest readthrough activity and could be charged with [3H]tyrosine. The non-supplemented system (-) showed a 183 K: (126 K + 183 K) ratio of
0.12, whereas the tRNA fractions 1, 2 and 3 (panel B) produced a ratio of 0.11, 0.15 and 0.31, respectively (panel D). Panel C shows the two-dimensional gel
electrophoretic pattern of 3' -32P-labeled tRNAs of the same origin as the material analyzed in panel B. The labeled tRNA from spot No. 3 (tRNAITY) was
eluted for enzymatic and chemical sequence analysis. Spot No. 3 from B was used for sequence determination according to Stanley and Vassilenko (1978).
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Fig. 5. Analysis of [5' -32P]terminal nucleotides of fragments of tRNATYr
by cellulose t.l.c. Purified tobacco tRNATYT was subjected to limited hydro-
lysis with water, the fragments were 5' -32P-labeled and then separated on a
150o polyacrylamide gel as described in Materials and methods. Each frag-
ment was subjected to nuclease P1 digestion and the 5' nucleotide iden-
tified by t.l.c. in two different solvents (Nishimura, 1979). The lower panel
shows the autoradiogram of such an analysis in isobutyric acid/concen-
trated ammonia/H20 = 580:38:385 (by vol.); the upper panel shows the
analysis of the same fragments in isopropanol/concentrated HCl/water =
700:150:150 (by vol.). The dotted circles indicate the location of unlabeled
pN markers as visualized under u.v. light. As an example, the nucleotide
sequence analysis of the anticodon stem and loop is shown.

had no authentic standard; (c) apc3U has rather frequently
been found in this position.
The nucleoside at the 3' side of the anticodon was iden-

tified as m1G (Figure 5) by comparison with authentic
[32P]pm'G, which was obtained from pure yeast tRNATrP
and Salmonella typhimurium tRNAPro, respectively, by
parallel sequence and nucleotide analyses according to
Stanley and Vassilenko (1978). A corresponding analysis of
pure Escherichia coli tRNAIle excluded the possibility of t6A
in this position.
The two tRNAsTyr are almost identical in sequence. They

differ only in an A:U pair at the base of the TIC stem
(tRNATY9 and a G:C pair in the same position (tRNATYr),
respectively. tRNATYr was only isolated with an unmodified
G1o, whereas tRNATYr contained a m2G in this position. The
presence of this m2G in tRNATyr explains its elution from
BD-cellulose at higher salt concentrations (Figure 2). It is
remarkable that only the tRNATyr species with the G:C pair
contains m2G in position 10.

Discussion
Natural suppression, the readthrough over termination
codons by tRNAs from wild-type cells, may be of certain
general importance because it would allow an organism or a
virus to produce two proteins from one cistron (Picard-
Bennoun, 1982; Ryoji et al., 1983). A classic example for
natural readthrough are two major viral proteins of the
TMV-infected plant cell, which, on the basis of the known
TMV sequence (Goelet et al., 1982) are now designated as the
126-K protein and the 183-K readthrough protein. These pro-
teins differ by 499 amino acids at the C terminus. Using the
readthrough assay (Pelham, 1978) and established rapid RNA
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Fig. 6. Nucleotide sequences of tobacco tRNATYr and tRNAYTr. The clover
leaf model shows the nucleotide sequence of tRNATYr. Bases in boxes are
those found in tRNATYr. There are indications that U* in position 47 is
3-(3-amino-3-carboxypropyl)uridine, acp3U.

sequencing procedures, we identify here the two major cyto-
plasmic tRNAsTyr of the tobacco plant as the UAG sup-
pressors which promote the TMV RNA-dependent 183-K
protein synthesis in vitro. This finding may indicate that the
host plant does not use UAG termination, or that an
unknown structural feature of TMV RNA favors the inter-
action with this UAG codon and normal tyrosine tRNAs.
These tRNAs differ in two nucleotides, indicating that at least
two types of tRNATyr genes exist and are expressed in the
tobacco plant. Interestingly, the tRNATyr species with an
A:U pair in the TIC arm contains an unmodified G1o,
whereas the other species with the G:C pair in the same loca-
tion has m2G in this position.
The anticodon structure and its neighbourhood lead to the

question as to how a UAG codon can be recognized by, and
form a complex with, a G*A anticodon, with an A:U and an
A:I pair only. Clearly, this type of interaction is not in accor-
dance with the wobble hypothesis (Crick, 1966), as in a few
other cases (Hirsh, 1971; Jank et al., 1977; Weissenbach et
al., 1977; Diamond et al., 1981). Also, the 'two out of three'
reading (Lagerquist, 1978) does not apply here, since it ex-
cludes codons of the UA family. We can also preclude sup-
pression mediated by frameshift, since there is no tyrosine
codon next to the UAG codon in the other two reading
frames. Furthermore, on the basis of the known TMV se-
quence (Goelet et al., 1982) we can also exclude a context ef-
fect, i.e., a 'swollen' codon (Bossi, 1983) which would involve
bases outside the codon and anticodon, respectively, to form
a stable interaction. Also, there is no experimental basis for
the suggestion that the I in the second position of the anti-
codon, which is a unique feature of eukaryotic tRNAsTyr,
may have a favourable influence on the codon-anticodon
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interaction. In summary, the nature of the recognition bet-
ween UAG termination codon and GIA anticodon of wild-
type tRNATYr remains obscure.
We have not detected any Q nucleoside in place of G in the

first position of the GIA anticodon. This is in some contrast
to the situation in Drosophila, where two tRNAsTYr have
been detected, one of which is supposed to contain a GNN
anticodon and to act as a UAG suppressor, whereas the other
does not read UAG codons and may have a QNN anticodon
(Bienz and Kubli, 1981). However, these tRNAs have not
been well characterized, and they exert their function only in
a non-homologous assay, using TMV RNA as a messenger. It
also remains unknown whether the readthrough over the
UAG codon has any biological significance for the plant cell
or for TMV replication. Little is known about the possible
function of the two major non-coat proteins induced by TMV
after infection of a plant cell. They appear to comprise func-
tions in early steps of virus multiplication since they are syn-
thesized more rapidly than capsid protein during the first 10 h
of detectable virus-specific protein synthesis (Figure 1; Siegel
et al., 1978). It has been postulated that the 126-K protein is
the viral replicase or one of its subunits (Zaitlin et al., 1973).
The evidence for this assumption is rather indirect; however,
it would then be reasonable that its synthesis precedes that of
the coat protein. One would even like to speculate that the
183-K readthrough protein is also involved in, or even essen-
tial for, TMV RNA replication, possibly with a different
function. An elegant approach for evaluating the function of
the 183-K protein would have been the search for Nicotiana
variants which do not promote its synthesis by UAG suppres-
sion: if the 183-K protein is essential for TMV replication,
such variants should be TMV-resistant. Our finding that not
a minor host tRNA, but the two normal major cytoplasmic
tyrosine tRNAs can act as UAG suppressors indicates that it
is most unlikely that such Nicotiana variants exist at all. It
will, however, now be possible to study these questions by
introducing the homologous suppressor tRNAsTYr into TMV-
infected tobacco protoplasts to establish or to exclude a direct
relationship between 183-K readthrough protein synthesis and
TMV replication.

Materials and methods
RNase TI and U2 were products from Sankyo, Tokyo; nuclease P1 was a
kind gift from Dr.S.Nishimura, Tokyo; endonucleases from Neurospora
crassa and Staphylococcus aureus were from Boehringer, Mannheim and
Worthington Biochemical Corp., respectively. T4 polynucleotide kinase and
T4 RNA ligase were obtained from Boehringer and P-L Biochemicals, respec-
tively. The vulgare strain of TMV was from the collection of Dr.K.W.
Mundry, Stuttgart. RNA was isolated from purified virus by phenol extrac-
tion.

Preparation of unfractionated tRNA from tobacco leaves
Unfractionated tobacco tRNA was prepared from fully expanded leaves of N.
tabacum, cv. Samsun or Xanthi and from N. rustica by phenol extraction in a
buffer containing 0.1 M Tris-HCl, pH 7.5, 0.1 M NaCl, 0.01 M MgCl2,
2 mM EDTA, 5 mM mercaptoethanol and 0.1 N7o SDS. High mol. wt. RNA
was precipitated with 3 M NaOAc, pH 6.0. tRNA was isolated from this
material by the usual DEAE-cellulose fractionation step.

Fractionation and isolation of tRNA TYrfrom total tobacco tRNA
Unfractionated tRNA was loaded onto a BD-cellulose column (1.2 x 35 cm)
and fractionated by elution with a linear gradient of 0.35 M NaCl (0.01 M
MgCl2, 0.02 M NaOAc, pH 4.5) to 1 M NaCl in the same buffer. The
tyrosine tRNA-rich fractions were further fractionated by Sepharose 4B
chromatography on a column of 0.7 x 28 cm (Holmes et al., 1975). Elution
was performed by a reverse gradient of 2 M (NH2$SO4 to 1 M (NH,2SO4 in
0.01 M MgCl2, 0.01 M NaOAc, pH 4.5.

Two-dimensional polyacrylamide gel electrophoresis was used as the final

step in purification of tRNATry (Lockard et al., 1978; Walker and RajBhan-
dary, 1978). About 5 Ag of the corresponding Sepharose 4B fraction was ap-
plied to a 10%1o polyacrylamide/7 M urea gel at pH 3.5 (thickness, 0.3 mm).
Strips of the appropriate section of the gel were cut out and polymerized into a
12.507o polyacrylamide/7 M urea gel (pH 8.3). Individual spots containing
tRNA were visualized by staining with 0.4% toluidine blue 'O' in 50%
methanol, 1%7o acetic acid for 15 min and destained in 35% methanol, 1%
acetic acid for 20 min. Elution of the RNA was performed in a buffer contain-
ing NH4OAc, EDTA, MgCl2, and SDS (Gross et al., 1982).
Sequencing of tRNA by post-labeling techniques
Nucleotide sequences were determined by two independent methods, the frag-
ment analysis procedure of Stanley and Vassilenko (1978) and rapid 'read off'
sequencing gels (Donis-Keller et al., 1977). The Stanley and Vassilenko
method was used with some modifications (Gupta and Randerath, 1979).
Limited hydrolysis of - 0.5-1-sg pure tRNATYr was performed in 1 Al H20
in a sealed glass capillary by incubation in a boiling water bath for 30 s. After
5' 32p labeling the fragments were separated on a 15% polyacrylamide/8 M
urea gel (thickness, 0.3 mm; height, 88 cm). The pH of the gel solution was
adjusted to pH 8.3 with solid boric acid. On such a gel we could identify - 70
bands corresponding to nucleotide No. 4 up to No. 71. After autoradiography
individual bands were eluted (Gross et al., 1982) in the presence of 5 yg carrier
tRNA. Complete digestion with 100 ng nuclease P1 in 10 11 50 mM NH4OAc
(pH 5.3) was performed for 2 h at 50°C. The 5' nucleotide of each eluted
fragment was identified by cellulose t.l.c. using the two solvent system of
Nishimura (1979) in parallel runs.

5' _3-p and 3' 32p pCp-labeling with T4 polynucleotide kinase and T4 RNA
ligase, controlled enzymatic digestion of 5'- and 3'-labeled tRNA and
chemical degradation of 3'-labeled tRNA followed by polyacrylamide gel
electrophoresis was as described previously (Peattie, 1979; Krupp and Gross,
1983). The 5'- and 3'-terminal sequences were established by the two-
dimensional mobility shift method (Jay et al., 1974; Gillum et al., 1975; Tyc et
al., 1983).
Translation in vitro
Translation in the nuclease-treated reticulocyte lysate was performed as
described (Pelham and Jackson, 1976; Beier et al., 1980). Unless otherwise
stated (Figure 1), the lysate was not supplemented with calf liver tRNA. TMV
RNA was added at 100 Ag/ml. The reaction mixture was incubated for 60 min
at 300C.
Translation in vivo
Protoplasts were isolated from young leaves of tobacco plants (N. rustica) and
inoculated with purified TMV preparations as described (Beier et al., 1980).
After appropriate periods of incubation, aliquots were removed from the mix-
ture and used for gel electrophoretic analysis.
Analysis of translation products
Proteins were analysed by gel electrophoresis in 10%7o polyacrylamide gel slabs
containing SDS (Laemmli, 1970). Gels were fixed overnight, fluorographed as
described by Laskey and Mills (1975) and exposed to RX Fuji X-Ray films for
-8 h at -70°C. Individual bands were excised from the dried gel and the
radioactivity was counted directly without adding scintillation fluid.
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