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The secondary structure of the isolated tRNA-ike sequence
(n=159) present at the 3' OH terminus of tumip yellow
mosaic virus RNA has been established from partial nuclease
digestion with S1 nuclease and T1, CL,, and Naja oxiana
RNases. The fragment folds into a 6-armed structure with
two main domains. The first domain, of loose structure and
nearest the S' OH terminus, is composed of one large arm
which extends into the coat protein cistron. The second, more
compact domain, is composed of the five other arms and
most probably contains the structure recognized by valyl-
tRNA synthetase. In this domain three successive arms strik-
ingly resemble the Ty, anticodon, and D arms found in
tRNA. Near the amino-acid accepting terminus, however,
there is a new stem and loop region not found in standard
tRNA. This secondary structure is compatible with a
L-shaped three-dimensional organization in which the comer
of the L and the anticodon-containing limb are similar to,
and the amino-acid accepting region different from, that in
tRNA. Ethylnitrosourea accessibility studies have shown
similar tertiary structure features in the Ty loop of tRNAV4
and in the homologous region of the viral RNA.

Key words: ethylnitrosourea/nuclease digestion/secondary
structure/ tRNA-like/TYMV RNA

Introduction

That similar structures must fulfil similar functions is a key
concept in molecular biology. This concept, however, seems
to be invalidated with the tRNA-like structures present at the
3’ OH end of the RNA of many plant viruses which do not
share apparent sequence analogies with standard tRNAs
(reviewed by Haenni and Chapeville, 1979; Hall, 1979;
Briand et al., 1977; Silberklang et al., 1977a; Guilley et al.,
1979; Ahlquist ef al., 1981). This is, in particular, the case for
the 3’ -terminal region of turnip yellow mosaic virus (TYMYV)
RNA (Briand et al., 1977; Silberklang et al., 1977a). This
region of the viral RNA does not have the characteristic
primary structural features of tRNAs, such as the presence of
several strategic sequences and the modified bases. Moreover,
it cannot be folded into a classical cloverleaf, despite the fact
that its valylation, catalyzed by valyl-tRNA synthetase, has
Kinetic parameters similar to those of the tRNAV@ (Giegé et
al., 1978; Florentz et al., 1982). How do two structures as dif-
ferent as tRNAV2 and the tRNA-like region of TYMV RNA
behave in such a similar fashion in the presence of valyl-
tRNA synthetase? This question might be answered, as pro-
posed earlier (Giegé et al., 1978), if one supposes that similar
structural domains which are recognized by the synthetase ex-
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ist in both tRNAV@ and viral RNAs. We believe that such
domains should exist at the level of the three-dimensional
structure, but some similarities between the two types of
molecules could already appear at the level of the secondary
structures. The existing models of TYMV RNA secondary
structure, however, do not reveal such similarities (Figure 1).
These tentative models, although cloverleaf-like, contain
~ 105 nucleotides, a number markedly larger than the 77
nucleotides found in tRNAVa, As a result, the size of the
stem and loop regions is much larger than in tRNA. In fact
the validity of these models of secondary structure can be
questioned as they are based solely on the positioning of the
putative CAC anticodon in a loop, without other experimen-
tal verification.

We report here the real secondary structure of the final 159
nucleotides present at the 3’ terminus of TYMV RNA; this
structure might also be extended to the tRNA-like region of
tobacco mosaic virus.

During the course of this work a chemical modification
study, showing that the 3’ OH terminus of TYMV RNA
adopts a highly compact structure, was published as a poster
by Rietveld et al., (1981) at the 5th International Congress of
Virology held in Strasbourg in August 1981.

Results

Partial digestions with nucleases were performed on the
pure 3P end-labelled tRNA-like fragment comprising the last
159 3’-terminal nucleotides of TYMV RNA. To test all the
nucleotides of the fragment and to discriminate between
primary and secondary cleavage (Favorova et al., 1981) both
5'- and 3'-labelled molecules were investigated. Prior to
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Fig. 1. Two hypothetical secondary structures of the tRNA-like fragment
present at the 3 OH terminus of TYMV RNA proposed earlier by Briand
et al. (1977) and Silberklang et al. (1977a).
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digestion the RNA samples were renatured for 5 min at 37°C
in the presence of 10 mM MgCl,, conditions which preserve,
in full, the aminoacylation capacity of the molecules. Digests
were analyzed on 10, 15, and 20% polyacrylamide gels and
cuts were assigned by comparison with alkaline and RNase
T1 ladders. Typical results, shown in Figure 2, are summariz-
ed in Figure 3, where only the strongest cuts are indicated.

The fragment is particularly sensitive to spontaneous
degradation. As observed in numerous experiments, such
degradation always occurs at the same positions in the
nucleotide sequence, notably at positions 55, 57, 75, 85, and
94 (see Figure 3). If particular care is not taken during hand-
ling of the pure tRNA-like fragment, the extent of these spon-
taneous cuts can be important. Spontaneous degradation can,
however, be greatly reduced, especially if the elution from the
purification gels of the end-labelled RNA is carried out in the
absence of phenol (see Materials and methods). The en-
zymatic accessibility studies described below were performed
with molecules in which these degradations were minimal (see
Figure 2A, lane 9 and Figure 2B, lanes 1 and 9b).

Accessibility to nuclease Sl

Partial digestion of the 5’ end-labelled fragment gives rise
to two major series of cuts in the region 91—96 and
126 — 129; three other series of less frequent cuts arise at posi-
tions 55—58, 108—119, and 133—139 (Figure 2A, lanes 1
and 3). On the same gel lanes it is also apparent that five
regions near the 3’ end are accessible to nuclease S1 digestion.
A partial S1 hydrolysis of the 3’ -labelled tRNA-like fragment
allows us to assign the exact position of these five regions.
Figure 2B (lanes 4 and 7) shows that the cuts occur at position
12, 26, 36, 46, and 73, cut 26 being weaker than the others.

Accessibility to the RNase from cobra venom

Cobra venom RNase hydrolysis patterns for the 5’ and 3’
end-labelled fragments (Figure 2A, lanes 5 and 7, and Figure
2B, lanes 8 and 9) allow us to locate eight main regions of
cleavage at positions 49—51, 64—65, 79—90, 98—10l,
107—116, 125-—128, 131—133, and 139—157, plus five
single strong cuts at positions 25, 29, 42, 46, and 71. Most
cuts, located in the 60— 100 region, were found with both
5'-and 3'-labelled molecules.

Accessibility to RNase T1

Figure 2A (lanes 11 and 13) and Figure 2B (lanes 11 and 13)
display a partial RNase T1 hydrolysis of the native tRNA-like
fragment labelled at its 5’ and 3’ end, respectively. Among
the 31 G residues present in the fragment, G154 is by far the
most accessible. Frequent cleavages also occur at positions 6,
13, 37, 48, and 87. Seven G residues are clearly fully protected
whereas 16 others react to some extent with RNase T1. In the
middle of the sequence G75 and G83 are either weakly or not

Structural organization of the 3' OH terminus (n = 159) of TYMV RNA

accessible in both 3'- or 5'-labelled RNA. This is indicative
of secondary cuts.

Accessibility to RNase CL,

Results of the partial hydrolysis of the tRNA-like fragment
by RNase CL, are shown in Figure 2A (lanes 14 and 16) and
Figure 2B (lanes 14 and 15) for the 5'- and 3’-labelled
molecules, respectively. Many C residues present in the se-
quence are accessible to this enzyme; the strongest cuts are at
positions 11, 27, 36, and 150. Interestingly, three strong cuts
at positions 46, 85, and 94 and four weaker ones at positions
9, 73, 109, and 157 occur after U residues. Another cut also
occurs after G41 (Figure 2B, lane 14). It is recalled that
RNase CL, is not completely specific for C residues (Levy and
Karpetzky, 1980). Cuts at positions 36, 46, 50, 55, 57, 73, and
85 were found with both 5'- and 3’-labelled molecules, the
last two being U positions. Here also some cuts only appear
with one type of labelling (i.e., positions 41, 43, 64, and 70)
suggesting the appearance of secondary cuts.

Alkylation of phosphates by ethyinitrosourea

Only part of the tRNA-like fragment has been investigated.
Figure 4 shows an autoradiogram of a gel where the region
between position 20 and 45 is probed. It can be seen that
alkylation of phosphates 33 and 34 is hindered when the reac-
tion is conducted at 20°C on native RNA, whereas at 80°C,
under denaturing conditions, all phosphates are alkylated by
ethylnitrosourea.

Discussion

Limited enzymatic digestions were used to probe the struc-
ture of the last 159 nucleotides at the 3' OH terminus of
TYMV RNA. This approach has already been used to
establish the secondary structures of several small RNAs
(e.g., Branlant et al., 1981; Toots et al., 1981) and to check
structural features in tRNAs and rRNA (e.g., Wrede et al.,
1979a, 1979b; Favorova et al., 1981; Lockard and Kumar,
1981; Vassilenko er al., 1981; Butorin et al., 1982). The
method depends on the differential accessibility of some
residues or domains to nucleases. Primary cuts in the RNA
obviously reflect the accessibility of structural features,
nucleotide or domain, in the native molecule and can be easily
interpreted in terms of secondary structure. However, the dis-
crimination between the primary and the secondary cuts is
not always clear (for a complete discussion, see Favorova et
al., 1981). To avoid this difficulty our digestions were con-
ducted under very limiting conditions on both 5'- and
3’-labelled molecules. Technical difficulties restricted the
search for secondary cuts to the central part of the 159
nucleotides of the tRNA-like fragment. In this region (results
summarized in Figure 3), most cuts were primary. We are

Fig. 2. Autoradiograms of acrylamide gels of partial enzymatic digests of the purified 5'- or 3’-end labelled tRNA-like fragment of TYMV RNA. The
figure is a composite of numerous experiments. For each type of hydrolysis and of gel, RNase T1 and alkaline ladders as well as controls without enzyme
were run. Experiments were taken as significant only when the controls displayed very weak extra bands (see lane 9 in (A), lanes 1 and 9b in (B)). For the
sake of clarity all controls and ladders are not shown in the figure; for the same reason only one or two types of gels are shown among the 10, 15, and 20%
gels investigated. Numbering of residues is from the 3’ towards the 5’ end of the fragment. (A) 5'-end labelled fragment. Nuclease S1 digests: lane 1 (15%
gel), lane 3 (20% gel). Cobra venom RNase digests: lane 5 (15% gel), lane 7 (20% gel). Partial RNase T1 digests: lane 11 (15% gel), lane 13 (20% gel). Par-
tial RNase CL, digests: lane 14 (10% gel), lane 16 (20% gel). Lanes 2 and 4 are alkaline ladders; lanes 6, 8, 10, 12, 15, and 17 are RNase T1 ladders, and
lane 9 represents a control migration on a 10% gel of the pure labelled fragment. (B) 3'-end labelled fragment. Nuclease S1 digests: lane 4 (10% gel), lane 7
(20% gel). Cobra venom RNase digests: lane 8 (10% gel), lane 9a (20% gel), and the corresponding control (lane 9b). Partial RNase T1 digest: lane 11 (20%
gel), lane 13 (10% gel). Partial RNase CL, digests: lane 14 (10% gel), lane 15 (20% gel). Lanes 3 and § are alkaline ladders; lane 6 is a RNase P1 hydrolysis;
lanes 2, 10, 12 and 16 are RNase T1 ladders and lanes 1 and 9b are controls. When starting with the same number of counts deposited on the gels, auto-
radiography was about twice as long for hydrolysis patterns performed with the 3'-end labelled RNA than for those performed with the 5'-labelled fragment.
For lanes 9a and 9b autoradiography was even twice as long as for other experiments in the (B) series.
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Fig. 3. Schematic representation of the accessibility studies against nucleases of the tRNAlike structure of TYMV RNA. The RNA sequence is symbolized
by a line on which each nucleotide is represented by vertical light lines (A, U, or C residues) or heavy lines (G residues). The figure represents a summary of
the results given in Figure 2 and of further experiments not shown; it also displays the location of the spontaneous degradations occurring in the RNA.
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Fig. 4. Autoradiogram of a 15% acrylamide gel of a phosphate alkyla-
tion experiment with ethylnitrosourea of 3'-labelled tRNA-like fragment of
TYMV RNA. (1) Control without treatment; (2,3) control incubations
under conditions stabilizing (2), or unfolding (3), the structure of RNA;
(4,5) alkylations (in duplicate) of native RNA; (6,7) alkylations (in
duplicate) of unfolded RNA; (8) partial RNase T1 digest under denaturing
conditions. The two arrows show the phosphates 33 and 34 inaccessible to
alkylation by ethylnitrosourea.

confident, therefore, that the cuts at the two extremities of
the molecule are also mostly primary.

To avoid any misinterpretation, we studied the accessibility
of the tRNA-like fragment to four enzymes: the base-specific
RNase T1 and chicken liver (CL;) RNase (Levy and Karpet-
sky, 1980; Boguski et al., 1980) and the structure-specific
nucleases S1 (Ando, 1966) and cobra venom RNase (Vassilen-
ko and Ryte, 1975). This allowed us to interpret the results
obtained with one nuclease as a function of those obtained
with the others. The experimental conditions used were adap-
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weak cuts. Strength of cuts is estimated from the autoradiographs displayed in Figure 2; it is recalled, however, that ex-
position of the films was longer with 3'- than with 5'-end labelled RNA. For RNases T1 and CL, the symbol

represents the inaccessibility of the G and C

ted from earlier work on different types of RNAs (Wrede ef
al., 1979a; Levy and Karpetsky, 1980; Favorova et al., 1981;
Branlant ef al., 1981) and optimized for the limited digestion
of the native tRNA-like fragment. Since the pHs and the salt
conditions vary with the enzyme, the possibility exists that the
RNA has slightly different conformations in the different
incubation conditions.

Secondary structure of the tRNA-like fragment

Figure 5 shows the secondary structure of the tRNA-like
fragment of TYMV RNA deduced from the accessibility
studies summarized in Figure 3. This model displays six main
loop and stem regions and differs significantly from the
earlier hypothetical proposals (see Figure 1).

The arms III, V, and VI are easiest to detect because
nuclease S1 cuts at many sites in the loops. The cleavages of
arm III by cobra venom RNase are consistent with a double-
helical stem formed by residues 46 — 52 and 60 — 66. This stem
could possess some structural flexibility since one primary cut
occurs at C50 in the presence of RNase CL 5, which preferen-
tially cleaves single strands (Levy and Karpetsky, 1980). The
existence of loop III is supported by the frequent cleavage by
nuclease S1 and RNase CL, at positions 55 and 57.

Six strong cuts produced by nuclease S1 at positions
91 —96, as well as hydrolysis by RNase CL; at U94, reveal
loop V. It is interesting to note the strong cleavage at U9%4 by
RNase CL, even though this nuclease is 60 times less specific
for U than for C residues (Levy and Karpetsky, 1980). This
means that U% is particularly exposed in the native structure.
Splitting by cobra venom RNase (positions 98 — 101) and in-
accessibility of G100 to RNase T1 and of C88 and C101 to
RNase CL, support the existence of stem V.

The existence of loop VI is clearly shown by the frequent
nuclease S1 cleavage at positions 126 — 129 as well as RNase
CL,; cuts at positions C125 and C128. The corresponding
stem is more complex; it comprises a succession of double-
stranded regions and internal loops referred to as loop Via
and VIb in Figure 5. The two double-stranded regions at the
extremities of arm VI are well defined since only cobra venom
RNase cleaves there. The region between them, positions
108—119 and 135—149, is less well defined since both
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Fig. 5. Secondary structure of the tRNA-like fragment (n = 159) present at the 3' OH terminus of TYMV RNA. (A) Secondary structure of yeast tRNAY2
(Bonnet ef al., 1974) and (B) model of the viral RNA fragment. The nucleosides of tRNAY2 common to the structure of the viral RNA are in boxes. The ar-
rows indicate position of the phosphates which are inaccessible to alkylation by ethylnitrosourea; in the case of tRNAY? the ethylnitrosourea data are taken
from Vlassov et al. (1981). The inset figure represents the homologous nucleosides present in arm II of the tRNA-like fragment and the Ty arm of tRNAGY

from S. epidermidis (Roberts, 1974).
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Fig. 6. Tentative model of the secondary structure of the tRNA-like frag-
ment at the 3’ OH terminus of tobacco mosaic virus RNA. This RNA was
sequenced by Guilley et al. (1979). The broken line corresponds to a
25-nucleotide long sequence which would fold as a long extra-loop. The
nucleosides in boxes are those found at topologically similar positions in
tRNAHS from Drosophila melanogaster (Altweg and Kubli, 1980). It is
recalled that tRNAHS possesses a GUG anticodon whereas in the viral
RNA another potential histidine anticodon, AUG, is found.

nuclease S1 and cobra venom RNase cleave at the same posi-
tions. This probably reflects some breathing of arm VI which
can form different conformations in equilibrium. Since the
most accessible G of the molecule is located at position 154, it

is likely that the 5'-end sequence 154 — 159 is single-stranded
despite the fact that cobra venom RNase cleaves, either
secondarily or because of the stacking of the single-strand, in
this region.

In contrast to arms V and VI, and to some extent to
arm III, which are readily accessible to nucleases, suggesting
rather loose structures, arms I, II, and IV are less accessible
(see Figure 3). Indeed, the existence of loop II is only sup-
ported by cuts at positions 36 and 37 and that of loop IV by
one cut at position 73. The corresponding stems are conso-
nant with the cobra venom RNase sites and with the inac-
cessibility of several G and C residues to RNases T1 and CL,.

The digestion experiments show that arm I, and more
generally the region 1 to 27, is rather compact. Cuts by
nuclease S1, and RNases CL; and T1 establish the existence
of the six-nucleotide long loop I. The existence of the cor-
responding stem is supported by cobra venom RNase cuts
and the inaccessibility of C8 and C19to RNase CL;and of G17
to RNase T1 in the 5 —9 and 16 — 20 sequences. Interestingly,
cobra venom RNase splits in loop I and, in the stem, G6 and
G7 are susceptible to RNase T1. Stem I could begin with an
additional pair A4-U21; this possibility was not kept in the
model since it engages the discriminator site A4 (Crothers et
al., 1972) in a double-stranded structure. Furthermore, the se-
quence 21 to 27, indicated as single-stranded in Figure 5, is
cut by cobra venom RNase. One interpretation is that a
double-stranded domain is formed between stretches 21 to 24
and 83 to 86. This is supported by cobra venom RNase
cleavage at position 83 —86 and by two possible base pairs
(G-C and A-U) involving these distant parts of the molecule.
All these results suggest a more complex organization of this
region (see below).
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The tRNA-like fragment undergoes ‘‘spontaneous’” degra-
dation of unknown origin when not handled with special care
(Figure 3). Figure 5 shows that these breaks occur in single-
stranded regions, particularly in loops III, IV, and V, and in
the weakly structured arm VI. Preliminary experiments sug-
gest that they are cation mediated.

The cloverleaf structure of yeast tRNAVY@ and the propos-
ed secondary structure of the viral RNA fragment display
striking similarities (Figure 5). The anticodon arm of
tRNAVd resembles arm III in the tRNA-like fragment
(Briand et al., 1977; Giegé et al., 1978). New analogies appear
between the Ty and D arms of tRNAV@ and arms II and IV
of the viral RNA, respectively. It is interesting to note the
structural constants found in tRNA and conserved in the
tRNA-like fragment, i.e., the CCA-end, the G-C base pair at
the top of the Ty stem, and the length of the Ty and anti-
codon loops. Furthermore, the model shows a single-stranded
region which is homologous to the extra-loop of a tRNA. The
two types of molecules, however, present differences, espe-
cially in the amino-acid accepting region. Whereas the tRNA
possesses a 7-bp stem, the viral RNA fragment has a much
more complex structure composed of the two extra-arms I
and V. Arm VI does not have any resemblance to tRNA.

By analogy with the secondary structure of the 3’ OH ter-
minal sequence of TYMV RNA, we have folded the tRNA-
like structure of tobacco mosaic virus, which is chargeable
with histidine (Oberg and Philipson, 1972). A strikingly
similar five arm structure can be constructed provided that a
large extra-loop composed of 25 nucleotides is included bet-
ween arms II and III (Figure 6). Here again sequence
analogies with tRNAHiS are found at the amino-acid accep-
ting terminus, the Ty arm, and the anticodon loop. Interest-
ingly, an extra-arm I near the CCA end is also conserved in
this model as well as in the tRNA-like structures found in the
bromoviruses and cucumber mosaic virus RNAs (Ahlquist et
al., 1981).

Three-dimensional structure of the tRNA-like fragment

A three-dimensional structure can only be proposed for the
last 100 nucleotides of the TYMV RNA fragment corres-
ponding to arms I to V. Our data suggest that arm VI has a
loose structure which probably, for functional reasons (see
below), lacks a well-defined tertiary organization.

Loops II and IV are only weakly accessible to RNases T1
and CL, and nuclease S1, in contrast to loop III which is very
accessible to these enzymes. This behaviour resembles that
observed in several tRNAs where the D and Ty loops are in-
accessible and the anticodon loops are readily accessible to
nuclease S1 (e.g., Wrede et al., 1979, 1979b; Lockard and
Kumar, 1981). In the corresponding stem regions, the
strongest cuts by cobra venom RNase are in stem III, similar
to the tRNAs where the anticodon stem is the most easily split
by this enzyme (e.g., Favorova et al., 1981; Lockard and
Kumar, 1981; Butorin et al., 1982). These results suggest that
the three-dimensional structure of arms II, III, and IV is
similar to that of the corresponding parts in tRNA. To pro-
vide more direct evidence, an alkylation experiment of the
phosphates in the 20— 45 region was performed. As shown by
Vlassov et al. (1981) two phosphates located at the 3’ side of
the Ty loop of all tRNAs investigated, including tRNAVal,
are inaccessible to alkylation by ethylnitrosourea. Interesting-
ly there is a quasi-perfect identity between the phosphodiester
reactivity and the steric accessibility of these phosphate
groups as calculated from the X-ray crystal structure of
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tRNAPhe (Thiyagarayan and Ponnuswamy, 1979; Lavery et
al., 1980). In the tRNA-like structure of TYMV RNA two in-
accessible phosphates are found in loop II at topologically
similar positions (see Figure 4 and 5). These two phosphates
are located in the hinge region of tRNA where the two helical
domains form the characteristic L-shaped structure, more
precisely in the cleft where the D loop overlaps the Ty loop.
The ethylnitrosourea experiment shows that a similar struc-
ture exists in the viral RNA: arms III and IV would form the
anticodon limb of a L-shaped structure and arm II the begin-
ning of the amino-acid accepting limb of the L. It is likely,
however, that the overlap of loop IV on loop II is not as
perfect as in tRNAPhe since positions 36 and 73 are weakly
accessible to nucleases; the organization of these two loops
resembles more that of the D and Ty loops in yeast tRNAASP
(Moras et al., 1980).

In the canonical tRNA, the helical domain containing the
amino-acid acceptor end is constructed with the Ty arm and
the amino-acid stem. In the tRNA-like structure the amino-
acid stem is replaced by a more complex structure (see Figure
5). Our data do not establish a definitive three-dimensional
model for this region. We propose nevertheless two alter-
native structures: (i) the 3’ OH terminal sequence 1—27 in-
cluding arm I has, by itself, through internal tertiary inter-
actions, a compact amino-acid accepting structure, illustrated
by cobra venom RNase cuts. This model is reminiscent of
that of a three-quarter fragment of tRNA still aminoacylable
(Renaud et al., 1979a); and (i) loops I and V would interact,
stabilizing an embryonic double-helical structure built up with
sequences 21 —24 and 83 —86. In this model, arms I and V
would bulge out to the exterior of the L. Such an interaction
between these loops would explain cleavage by cobra venom
RNase at position 94 and, if this were the case, the strong
nuclease S1 cuts found with 5’ -labelled RNA (see Figure 3) at
position 91 —96 would essentially be of secondary origin ex-
cept for cuts 92 —94. In favour of this model, we note a cer-
tain base complementarity between loops I and V in TYMV
and tobacco mosaic virus RNAs. The interaction of arm I
with a distant complementary sequence was also proposed by
Ahlquist et al., (1981) for the tRNA-like structures of
bromoviruses and cucumber mosaic virus RNAs.

Relationship between structural features and functions of the
tRNA-like fragment

From sequence studies, the 5’ end of the tRNA-like frag-
ment (region 107 to 159), which mostly forms arm VI, con-
tains the 3’ terminal part of the coat protein cistron (Briand
et al., 1977). The first termination signal UAA is situated in
loop VIb; the four other nonsense codons found at irregular
intervals, but in the same phase (positions 92—94, 83 —85,
71 —73, and 44 — 46) along the RNA, are also located in loops
or single-stranded regions.

The 3’ terminal fragment released by RNAse P contains a
structure formed by arms I to V (see Figure 5) which can be
esterified with valine (Prochiantz and Haenni, 1973). This
fragment probably contains all the structural features which
allow the efficient valylation of TYMV RNA (Giegé ef al.,
1978). Studies on tRNAs, including yeast tRNAVa, have
shown that the domains recognized by the aminoacyl-tRNA
synthetases are mainly formed by the Ty, anticodon, and D
arms, the amino-acid acceptor stem having a less important
role in this process (e.g., Ebel et al., 1979; Renaud et al.,
1979a, 1979b; Favorova et al., 1981). The structural
organization of the tRNA-like fragment of TYMYV is com-




patible with the presence of a synthetase recognition site in a
structure formed by arms II, III, and IV. Under certain con-
ditions three-quarters of a tRNA can be efficiently amino-
acylated (Renaud et al., 1979a). In this process the flexibility
of the molecule, and especially that of the amino-acid accep-
tor region, plays an important role in allowing the precise
positioning of the CCA end in the catalytic site of the enzyme
(Ebel et al., 1973; Renaud ef al., 1979a). The last 85 nucleo-
tides appear to form the minimum structure chargeable at an
appreciable rate by valyl-tRNA synthetase. We cannot ex-
clude, however, possible participation of arm V in an accep-
tor structure which would favour a better positioning of the
CCA end in the catalytic site of the enzyme. This model is
compatible with the interaction of valyl-tRNA synthetase
with the inside of a L-shaped tRNA-like structure, similar to
the interaction between tRNA and synthetase (Rich and
Schimmel, 1977).

Aminoacylation of tRNAs is a prerequisite for the amino-
acid donor function of these molecules during protein syn-
thesis. The viral tRNA-like structure, however, does not seem
to be involved in protein biosynthesis (Haenni and Chape-
ville, 1979). New features of the secondary structure of the
tRNA-like fragment from TYMYV support this statement. As
seen in Figure 5, arm II, lacking modified bases, does not
possess the characteristic features of the homologous Ty loop
of elongator tRNAs, but is strikingly similar to tRNAGY
from Staphylococcus epidermidis. Furthermore, arm IV does
not contain the two adjacent G residues conserved in the D
loop of elongator tRNAs, but, like the tRNAGY from S. epi-
dermidis, contains two adjacent U residues. This tRNA par-
ticipates in cell wall peptidoglycan synthesis which does not
use the ribosomal machinery (Stewart et al., 1971).

The 3’- and 5’ terminal regions of the 6600-nucleotide
long genomic RNA of TYMV present complementary se-
quences (Briand et al., 1978); this might help in the cir-
cularization of the viral RNA (Strazielle et al., 1965). The
eight-nucleotide long sequence at the 3’ end of the RNA,
complementary with the 5’ end, is mostly located in loop I.

Finally, it appears that many plant viral RNAs which are
able to be aminoacylated have a similar organization at their
3’ end. We propose a five arm tRNA-like structure for
TYMYV RNA; the 3’ terminus of tobacco mosaic virus RNA
can be folded in the same way and bromoviruses and
cucumber mosaic virus RNASs also present similar structural
features in this region. In all cases the viral tRNA-like struc-
tures possess an extra-arm near the amino-acid accepting
CCA which is never found in the canonical tRNAs. It is
tempting to propose that this feature is not only involved in
the aminoacylation of the viral RNAs but also acts as a signal
for other functions, such as regulation of translation or initia-
tion of replication. This regulatory role could be achieved
through conformational changes of the viral RNAs governed
by this extra-arm.

Materials and methods

Materials

TYMYV and viral RNA were extracted by established procedures (Briand et
dl., 1977). The (n = 159) 3' OH terminal tRNA-ike fragment was purified
from a partial RNase T1 hydrolysis of the viral RNA by gel filtration on
Ultrogel ACA;, columns followed by reversed phase chromatography
(Florentz et al., 1982). tRNA-nucleotidyl transferase from baker’s yeast (EC
2.7.7.21 or 25) was prepared according to Rether er al. (1974). Ribonuclease
T1 (EC 3.1.27.3) was from Sankyo (Tokyo); RNAse CL; was from Bethesda
Research Laboratories (Neu Isenberg, GFR); nucleases S1 (EC 3.1.4), P1 (EC
3.1.4) and T4 polynucleotide kinase (EC 2.7.1.78) were from Boehringer

Structural organization of the 3’ OH terminus (n = 159) of TMYV RNA

(Mannheim). Cobra venom RNase was prepared according to Vassilenko and
Ryte (1975) and had a specific activity of 4 units/ul (Vassilenko and Babkina,
1965). [a-¥*P]ATP (410 Ci/mmol) and [y-?P]JATP (3200 Ci/mmol) were
from the Radiochemical Centre, Amersham (UK). Urea RNase free, was
from Schwarz Mann. Saccharose, RNase free, acrylamide and N N'-
methylene-bisacrylamide were from BDH Chemicals. Other chemicals were of
analytical grade. For autoradiography and fluorography Kodak X-omat-S
films (30 x 40 cm) and M-R 400 X Ray intensifying screens from Agfa-
Gevaert were used.

Labelling and handling of the tRNA-like fragment

The labelling of the tRNA-like fragment at its 5’ or 3’ end with radioactive
ATP was done according to methods developed by Silberklang et al. (1977b)
for tRNA labelling. Since the viral fragment originates from a RNase T1
hydrolysis it does not possess a phosphate residue at its 5’ end and thus can be
directly labelled with [y-32P]JATP by T, polynucleotide kinase. At its 3’ end
the TYMV RNA has a CCqy terminus; thus it can be directly labelled with [o-
32PIATP by tRNA-nucleotidyltransferase (Litvak et al., 1970). After labelling,
the fragments were purified by electrophoresis on polyacrylamide gels, eluted
at +4°C according to Maxam and Gilbert (1977), and ethanol precipitated at
—80°C. Labelling, as well as further experiments on the tRNA-like fragment,
were carried out with sterilized vessel and pipettes, and quartz double-distilled
water.

Despite these cautions some spontaneous degradations could occur in the
fragment. We thus investigated, in a systematic study, different factors which
could affect the integrity of the RNA (to be published); in particular we notic-
ed that elution of the labelled material from the gel in the presence of freshly
distilled phenol, which should protect from RNase degradations, on the con-
trary markedly intensified these degradations. We emphasize, however, that
the experiments described in this paper were done in such a way that the level
of degradation was minimized and kept much lower than that of the cuts due
to the enzymes or chemicals used as structural probes. This was achieved by
quick handling of the material eluted from the gels.

Limited digestions of labelled tRNA-like fragments in non-denaturing condi-
tions

For each assay, 75 000 Cherenkov counts of 3P-labelled material mixed to
2 ug of carrier tRNA-like fragment were used. Prior to use, the RNA
fragments were partially denatured by heating at 50°C for 5 min and
renatured by incubation at 37°C for a further 5 min in the enzymatic buffers
which all contain 10 mM MgCl,. Immediately after digestion equal parts of
each reaction mixture were loaded on 10, 15 and 20% polyacrylamide slab
gels (30 x 50 x 0.05 cm). Gels were run at 2000 volts and 20—40 mA.

Partial RNase T1 digestion was performed in 10 ul of 10 mM Tris-HCI pH
7.2, 10 mM MgCl, buffer. Incubations were for 2 min at 37°C with 0.02 unit
and 0.01 unit of RNase for 3'- and 5’-labelled fragments, respectively.

Digestion with nuclease S1 was carried out at 37°C in 6 w 50 mM
KCl, 1 mM ZnCl,, 25 mM acetate Na pH 4.5, 10 mM MgCl, for 2, 5, and 10
min with 1 unit of enzyme. It was stopped by addition of 4 ul 10 mM ATP.

Digestion with 0.1 unit of cobra venom RNAse was done in 10 ¢l 10 mM
Tris-HCl pH 7.2; 10 mM MgCl, at 0°C for 2, 5, and 10 min and stopped by
addition of 2 ul EDTA 100 mM.

Partial nuclease CL, digestion was done in 10 ul 10 mM potassium
phosphate pH 6.5 for 10 min at 37°C with 0.5 unit of enzyme.

For the identification of the cuts, RNase T1 and alkaline ladders (Donis-
Keller et al., 1977) were run in parallel on the same gel. As small cobra venom
RNase and nuclease S1 digestion fragments showed differences in electro-
phoretic mobilities when compared to T1 or alkaline ladders, they were iden-
tified by comigration with RNAse P1 partial hydrolysis products (Silberklang
et al., 1977b).

Alkylation of phosphates by ethylnitrosourea

Alkylation by ethylnitrosourea of accessible phosphodiester bonds and
splitting of the tRNA-like fragment at these destablized bounds were carried
out under native (20°C) and denaturing (80°C) conditions according to
Vlassov et al. (1981). Analysis of the liberated oligonucleotides was performed
as described above.
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