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ABSTRACT: A spatial model for the tRNA-like structure at  the 3’ terminus of TYMV R N A  has been proposed 
previously on the basis of chemical and enzymatic structure mapping studies [Rietveld, K., van Poelgeest, 
R., Pleij, C. W.  A., van Boom, J. H., & Bosch, L. (1982) Nucleic Acids Res. 10, 1929-19461. In this paper 
we describe the determination of the primary structure a t  the 3’ end of a number of tymoviral RNAs. 
Sequence comparison shows that the RNAs  from CYVV, EMV, APLV, KYMV, and OYMV can adopt 
secondary and tertiary structures that fit the model as proposed for TYMV RNA. The pseudoknot formation 
that is essential for the construction of the aminoacyl acceptor a rm of TYMV R N A  is conserved in all 
tymoviral RNAs  studied. The  length of the individual double-helical segments coaxially stacked in this 
arm can vary and is well correlated with established tymoviral relationships. When the consensus structure 
of the valine-accepting tRNA-like structures is compared to that of standard tRNAVa$, some striking 
similarities are observed. Only a limited number of nucleotides, located a t  defined positions, appear to be 
conserved. An ACA(C) sequence in the anticodon loop probably is the major structural feature responsible 
for the specific recognition of the cognate valyl-tRNA synthetase. 

T m o v i r u s e s  are small icosahedral plant viruses, infecting 
a large number of dicotyledonous plants in most parts of the 
world (Guy et al., 1984). Viral preparations characteristically 
contain two major types of particles, both with a diameter of 
25-30 nm. The faster sedimenting particle (1 15 s) or bottom 
component contains the genomic RNA ( M ,  2.0 X lo6) while 
the slower sedimenting particle (55 S) or top component is 
devoid of RNA and consists of the empty protein shell. 
Classification of the 16 tymoviruses described to date is based 
on either serological relationships (Koenig, 1976), amino acid 
composition of the coat protein (Paul et al., 1980), or host 
range (Guy et al., 1984). For recent reviews on the biological 
and structural properties and the classification of tymoviruses, 
see Matthews (1981) and Koenig and Lesemann (1979, 1981). 

The genomic RNA of turnip yellow mosaic virus (TYMV), 
the type member of the tymovirus group, was the first viral 
RNA shown to possess a 3’ terminus that can be specifically 
aminoacylated, pointing to the presence of a tRNA-like 
structure (Hall, 1979; Haenni et al., 1982). TYMV RNA can 
be charged, like some other tymoviral RNAs, with valine 
(Pinck et al., 1970, 1974; Yot et al., 1970). 

So far, five different plant virus groups have been reported 
to accept a specific amino acid at  the 3‘ end of their genomic 
RNAs (Joshi et al., 1983; Kozlov et al., 1984). We have 
proposed spatial models of these tRNA-like structures on the 
basis of structure mapping studies on 3’-terminal fragments 
of BMV RNA, TYMV RNA, and TMV RNA [Rietveld et 
al. (1984) and references cited therein]. The models of the 
tRNA-like structure of brome mosaic virus RNA and that of 
tobacco mosaic virus RNA are strongly supported by sequence 
comparisons with related RNAs from the bromovirus and 
tobamovirus group, respectively. Apart from a partial sequence 
of the 3’ terminus of egg plant mosaic virus (EMV) RNA 
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(Briand et al., 1976), such information was not available in 
the case of the tRNA-like structure of TYMV RNA (Rietveld 
et al., 1982). 

Since a comparative analysis of related RNA sequences can 
furnish additional evidence for proposed secondary and tertiary 
structures (Fox & Woese, 1975; Noller, 1984), we have de- 
termined the primary structure at the 3’ end of a number of 
tymoviral RNAs. In this paper we show that the 3’ termini 
of andean potato latent virus (APLV) RNA, clitoria yellow 
vein virus (CYVV) RNA, eggplant mosaic virus (EMV) 
RNA, kennedya yellow mosaic virus (KYMV) RNA, and 
ononis yellow mosaic virus (OYMV) RNA can be folded in 
a secondary structure as proposed for TYMV RNA (Rietveld 
et al., 1982). In addition, it is evident that in the construction 
of the aminoacyl acceptor arm the principle of pseudoknotting 
plays an essential role. Interviral comparisons revealed some 
interesting features of the folding of this domain. Moreover, 
we have found some common elements in these valine-specific 
tRNA-like structures on one hand and in the elongator 
tRNAVa’s from eukaryotic and prokaryotic organisms on the 
other. These findings may contribute to our understanding 
of how tRNAs are specifically recognized by their cognate 
aminoacyl-tRNA synthetase. 

MATERIALS AND METnoDs 
Enzymes. An E .  coli extract containing aminoacyl-tRNA 

synthetases and CTP,ATP:tRNA nucleotidyltransferase was 
prepared essentially as described by Joshi et al. (1982a). After 
the final DEAE-cellulose chromatography step, the preparation 
was tested for the presence of all aminoacyl-tRNA synthetases, 
the presence of CTP,ATP:tRNA nucleotidyltransferase, and 
the absence of endogenous tRNA. CTP,ATP:tRNA nucleo- 
tidyltransferase was isolated from bakers’ yeast according to 
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the method of Rether et al. (1974). RNase TI and RNase 
U2 were purchased from Sankyo and Sigma, respectively. 

Viruses and Extraction of Viral RNA.  All tymovirus 
preparations used in this study, except for TYMV, were a kind 
gift of Dr. R.  Koenig. For BdMV, two preparations were 
obtained from Dr. B. Verduin. The RNAs were extracted as 
described by Bosch et al. (1967). 

Aminoacylation of Viral RNAs and Analysis of Amino 
Acids Bound. Aminoacylation was performed in a total 
volume of 20 pL containing 10 pg of RNA, 2.5 mM ATP, 
approximately 10 mM 3H-labeled amino acids (Amersham, 
2-70 Ci/mmol), 50 mM tris(hydroxymethy1)aminomethane 
hydrochloride (Tris-HCl), pH 7.5, 10 mM MgC12, 10 mM 
dithiotheitol (DTT), and 5 pL of the synthetase preparation. 
Incubation was for 1 h at 37 OC. After two phenol extractions 
and gel filtration on Sephadex G-25 in 10% acetic acid/l% 
pyridine, pH 4.0, the fractions containing the aminoacyl-RNA 
were pooled, freeze-dried, and dissolved in 50 pL of 5% tri- 
ethylamine. Aminoacyl ester bonds were subsequently hy- 
drolyzed during a 30-min incubation at  37 OC. After lyo- 
philization, the amino acids were analyzed with a Chromaspek 
amino acid analyzer according to the method of Duisterwinkel 
(1981). Fractions (80) were collected, mixed with Rialuma 
scintillation liquid, and counted in a liquid scintillation counter. 

3’End Labeling of Viral RNAs and Sequence Analysis. 
Tymoviral RNAs were 3’ end labeled in a total volume of 20 
p L  containing 10 pg of RNA, 0.1 mM [cY-~*P]ATP (Amers- 
ham, 3000 Ci/mmol), 2.5 pg of CTP,ATP:tRNA nucleoti- 
dyltransferase, 50 mM glycine-NaOH, pH 9.3, and 12.5 mM 
MgC12. After 16 h of incubation at  4 “C, the mixture was 
added to an equal volume of sample buffer [20 mM sodium 
citrate, pH 5.0, 9 M urea, 1 mM ethylenediaminetetraacetic 
acid (EDTA), xylene cyanol, and bromophenol blue] and 
electrophoresed through a 10% polyacrylamide 8 M urea slab 
gel until the bromophenol blue marker had reached the bottom 
of the gel. Detection of labeled RNA fragments was by au- 
toradiography. For sequence analysis, fragments ranging in 
size from 100 to 150 nucleotides were eluted from the gel as 
described by Peattie and Gilbert (1980). Sequencing with 
RNases TI  and U2 was performed as described by Donis-Keller 
et al. (1977). Chemical sequencing reactions were done ac- 
cording to the method of Peattie (1979). Analysis of the 
resulting RNA fragments was on 10 or 20% polyacrylamide/8 
M urea slab gels. 

e 

RESULTS 

Aminoacylation. Tymoviral RNAs were isolated from the 
viral preparations (kindly donated by Dr. R.  Koenig) by ex- 
traction with phenol and incubated with a mixture of 15 3H- 
labeled amino acids, ATP, and an extract from Escherichia 
coli containing aminoacyl-tRNA synthetases and CTP,- 
ATP:tRNA nucleotidyltransferase (see also Materials and 
Methods). In control experiments we established that all 
amino acids could be bound to a tRNA mixture from yeast 
(Figure 1A,B) and that the enzyme preparation was free from 
contaminating tRNAs (result not shown). The variability in 
charging may be due to the availability of the respective 
tRNAs and aminoacyl-tRNA synthetases. No attempts were 
made to obtain 100% charging. 

Aminoacylated viral RNAs were purified from free 3H-la- 
beled amino acids by chromatography on Sephadex G-25; the 
bound amino acids were released by alkaline hydrolysis and 
identified with an amino acid analyzer. 

The results obtained for TYMV, OYMV, and KYMV are 
shown in panels C-E of Figure 1. All tymoviral RNA prep- 
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FIGURE 1 :  Identification of amino acids esterified to tymoviral RNAs. 
The position of the amino acids in the elution pattern is indicated by 
the one-letter code. “X” represents an unidentified radioactive com- 
pound (see legend to Table I). (A) Composition of the 3H-labeled 
amino acid mixture used for charging of the viral RNA. (B) Amino 
acids esterified to a mixture of tRNAs from bakers’ yeast by the E.  
coli extract (see also Materials and Methods). (C) Amino acids 
esterified to an RNA preparation of TYMV. (D) Amino acids 
esterified to an RNA preparation of OYMV. (E) Amino acids 
esterified to an RNA preparation of KYMV. 

arations tested were able to esterify valine (see Table I). . In 
some cases [CYVV, KYMV, and belladonna mottle virus 
(BdMV) RNA], it was the sole amino acid detected. Other 
viral RNAs bound additional amino acids, although to a lower 
extent (OYMV, APLV, and TYMV RNA). This probably 
is due to the presence of contaminating (host cell) tRNAs, 
although a reduced specificity of the aminoacylation of these 
viral RNAs might also be the case. The presence of contam- 
inating tRNAs has been reported for BdMV and EMV RNA. 
tRNALyS was found to be firmly bound to the latter RNA 
(Pinck et al., 1974). However, we could not detect this tRNA 
species in our viral RNA preparation. In contrast to the report 
of Pinck et al. (1972), we found that BdMV accepts valine 
and not alanine (see Table I). 
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Table I: Molar Ratios of Amino Acids Bound to Preparations of Tymwiral RNAs by an Aminoacyl-tRNA Synthetase Preparation from E. colt’ 

amino acids bound 
tymoviral RNA V Y H F L K R X 

APLV-Ay 0.36 0.21 0.14 0.07 0.22 + 
BdMV I .oo + 
CYVV I .oo - 
EMV 0.50 0.50 + 
KYMV 1.00 + 
OYMV 0.39 0.03 0.03 0.21 0.1 I 0.23 + 
TYMV 0.38 0.15 0.08 0.08 0.31 - 

‘Calculation of the ratios of amino acids bound to the individual tymwiral RNA preparations was b a d  on the radioactivity found in the various 
fractions emerging from the amino acid analyzer (set Figure I )  and the spccific activity of the tritiated amino acids. Compound X. of which the 
structure is unknown. is only found upon incubation of E. coli synthetases and some viral RNAs. It is not present in the original amino acid mixture 
and is not formed upon the incubation with the tRNA as acceptor or when wheat germ extracts are used. Therefore, in the calculalion of the molar 
ratios. wmmund X was not taken into account. For abbreviations urd  for the viruses. see the text. 

Adenylation. Adenylation of the 3’ terminus of viral RNAs 
may provide an indication for the presence of a tRNA-like 
structure. Moreover, it enables specific 3’-terminal labeling 
of RNA fragments, which then can be submitted to nucleotide 
sequencing. Effective adenylation has been achieved by in- 
cubating TYMV RNA (lacking the 3’-terminal A residue) 
with CTP,ATPtRNA nucleotidyltransferase and [CPP] ATP 
(Briand et al.. 1977; Rietveld et al., 1982). We have applied 
this procedure to the labeling of other tymoviral RNAs. 
Electrophoretic separation of the reaction mixtures on a 10% 
polyacrylamide/S M urea slab gel, followed by autoradiog- 
raphy, revealed one or ‘more labeled RNA fragments for each 
tymoviral RNA tested (Figure 2). These fragments corre- 
spond to degradation products of the viral RNAs and possibly 
to tRNAs from the host cells. All tymoviral RNAs tested gave 
rise to labeled fragments that were larger than tRNA, except 
erysimum latent virus (ELV) RNA. In the latter case, only 
labeled RNA smaller than or equal to the size of tRNA was 
found. We have not investigated this RNA further, nor did 
we try to identify the putative contaminating tRNA@). It may 
be noted here that ELV is only distantly related to the other 
tymoviruses (Koenig & Laemann, 1981). A possible lack of 
a tRNA-like structure would be consistent with this obser- 
vation. Adenylation of BdMV RNA gave variable results 
depending on the source of the virus (Figure 2). 

Sequencing. For sequence analysis 3*P-labeled 3’-terminal 
fragments of IOC-150 nucleotides in length were eluted from 
gels as shown in Figure 2. This size was selected because 
contamination with host tRNAs can be excluded. For se- 
quencing, they were submitted to chemical degradation as 
described by Peattie (1979) and to limited digestions with 
RNase T,, RNase U2, and alkali according to Donis-Keller 
(1977) (see Materials and Methods). A representative ex- 
periment with OYMV RNA is shown in Figure 3. 

Probably because of the stable secondary structure of the 
3‘-termini of various viral RNAs, band compression often 
wurred ,  as could be deduced from the alkali ladder. Several 
experiments had to be carried out, therefore, before the se- 
quence could be determined unambiguously. Regions diflicult 
to unravel were located between nucleotides 1 and 20 from 
the 3’end and around positions 70-80 in the D stem and loop. 

Table 11 gives a summary of the sequence at the 3’ terminus 
of KYMV, OYMV, CYVV, EMV, and APLV RNA. For 
reasons of comparison. we have included the 3‘-terrninal se- 
quences of CcTMV and TYMV RNA as reported earlier 
(Meshi et al., 1981: Briand et al., 1977; Silberklang et al., 
1977). 

DISCUSSION 
The experiments described in this paper represent the first 

systematic study on the primary structure of tymoviral RNAs. 
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FIGURE 2 Detection of tRNA-like fragments in tymoviral RNA 
preparations. The RNAs were labeled with [a-”P]ATP and 
CTP.ATP.tRNA nucleotidyltransferase and elarophoraed on a 1% 
polyacrylamide/8 M urea slabgel. Degradation products ofthe viral 
RNAs containing the 3’ terminus and wntaminating tRNAs were 
detected by autoradiography. In both panels, the position of tRNA 
is indicated. The gel on the left was run for 2 h at 30 W and the one 
on the right for 2.5 h. For abbreviations used for the viruses. see the 
lext. 

The 3’-terminal sequences established provide further support 
for the model of the secondary and tertiary structure of the 
3’ terminus of TYMV RNA (Rietveld et al., 1982; Florentz 
et al., 1982). Furthermore, a comparison of the generalized 
structure of the valineaccepting tRNA-like structure with that 
of elongator tRNAvd reveals a few common structural features 
that may function as determinants for recognition of the 
cognate valyl-tRNA synthetase. 

Aminoocylorion Specificity. The first question we had to 
address was which amino acid can be esterified to the various 
tymoviral RNAs. Charging with an amino acid other than 
valine may point to a secondary structure a t  the 3’ terminus 
that differs completely from that proposod for TYMV RNA. 
One example of the latter phenomenon is offered by a member 
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of the tobamovirus group, i.e., the cowpea strain of TMV 
(CcTM\' or sunhemp mosaic virus), the RNA of which ac- 
cepts valine instead of histidine. The 3'-lerminal structure of 
this viral RNA resembles that of TYMV RNA rather than 
that of the tobamoviral RNAs (Rietveld et al.. 1984: Beachy 
et al., 1976: van Belkum et al., 1985). 

I t  can be concluded from Table I that all tyrnoviral RNAs 
tested accept valine as the major amino acid. Some viral 
RNAs, however, can  be esterified to other amino acids as well. 
I t  has been suggestea by Pinck et al. (1972, 1974) that this 
is due to the presence of contaminating host 1RNAs. encap- 
sidated in or associated with the virions. We have not further 
examined whether this was true in our viral RNA preparations 
but the fact that the primary structures as established in this 
paper are readily folded into a tRNA-like structure as pro@ 
for TYMV RNA almost certainly identifies the RNAs as 
valine-accepting species. 

The tRNA-like Structure of Tymouiral RNAs. All ty- 
moviral 3' termini sequenced permit the adoption of a sec- 
ondary structure that is largely identical with that of TY M V  
RNA (see Figure 4A) proposed earlier (Rietveld et al., 1982: 
Florentz et al., 1982). The valine-accepting 3' terminus of 
CcTMV RNA is also included because its )'-terminal 80 
nucleotides show a 6036 homology with TYMV RNA and can 
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FIGURE 4: Secondary structure at the 3' terminus of six tymoviral RNAs and one tobamoviral RNA (CcTMV). (A) The sequences determined 
in this study are folded according to the model of the secondary structure of the tRNA-like region of TYMV RNA (reported earlier; Rietveld 
et ai., 1982). Numbering is from the 3' end. For abbreviations of the viruses, see the text. Boxed regions indicate complementarities involved 
in pseudoknot formation. (B) Schematic representation of the architecture of the aminoacyl acceptor arm, showing the coaxial stacking of 
the three double-helical segments. Loop A spans the deep groove, and loop B crosses the shallow groove [for further details, see Pleij et ai. 
(1985)l. 

be folded in a similar secondary structure as that of the latter 
R N A  (Meshi et al., 1981). 

In all cases the complementarity of a region in hairpin loop 
I (see TYMV RNA)  with the single-stranded region a t  the 
3'side of stem I1 is strictly conserved. This complementarity 
plays an essential role in the construction of the aminoacyl 
acceptor arm of the tRNA-like structure of TYMV RNA. 
Likewise, the aminoacyl acceptor arm of all other tymoviral 
RNAs can adopt a structure that consists of three coaxially 
stacked double-helical segments (see Figure 4B). Interestingly, 
the total number of base pairs in this stack is always 12, despite 
variations in the number of base pairs in each individual 
segment. We earlier noted that the size of stem I and I1 can 
vary in length (Rietveld et al., 1982). Our data, as shown in 
Figure 4B, indicate that also the middle segment, which results 
from a special type of tertiary interaction, can vary and consists 
of three or four base pairs. In fact, three classes of valine- 
accepting tRNA-like structures can be discerned, depending 
on the way the aminoacyl acceptor domain is built. In the case 
of APLV, EMV, and OYMV, a stack of six, three, and three 
base pairs is found; in that of CYVV and KYMV a stack of 

five, four, and three and in that of TYMV and CcTMV a stack 
of five, three, and four base pairs is found. It is interesting 
to see that a classification of tymoviruses based on these 
structural aspects is in agreement with the one based on se- 
rological relationships as proposed by Koenig (1976) (see 
below). 

An intriguing question is whether an aminoacyl acceptor 
arm consisting of three segments containing four base pairs 
each has evolved in one of the other valine-accepting tRNA- 
like structures. The size of connecting loop A (see Figure 4B) 
bridging the deep groove of the RNA duplex varies from two 
to five nucleotides, whereas loop B, bridging the minor groove, 
consists of two or three nucleotides. This is feasible in view 
of the geometric properties of pseudoknots of this type [for 
a more detailed description of this folding principle, see Pleij 
et al. (1985)l. 

Common Features with tRNA. Figure 5C shows the con- 
sensus structure derived from the seven valine-accepting 
tRNA-like structures as given in Figure 4. The coaxial 
stacking of helices I and I1 and the tertiary interaction on the 
one hand and the stacking of helices I11 and IV on the other, 
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FIGURE 5 :  Consensus structures for prokaryotic (A) and eukarytoic (B) tRNAVa' [derived from Sprinzl et al. (1985)J and plant viral valine-specific 
tRNA-like structures ( C ) .  Invariable residues are indicated; nucleotides common to all three valine-accepting species are indicated by an asterisk. 
The construction of the aminoacyl acceptor arm in the tRNA-like consensus structure was arbitrarely chosen to be five plus four plus three 
base pairs. Dotted lines indicate the various alternative structures found. Pu and Py stand for purine and pyrimidine, respectively. 

taken together with the perpendicular orientation of the re- 
sulting two quasi-continuous helices, give rise to the familiar 
L arrangement as known for standard tRNA. The aminoacyl 
acceptor arm invariably contains 12 base pairs, just as the other 
limb of the L shape that comprises the anticodon domain. In 
some cases however, unpaired nucleotides occur between the 
two helix segments 111 and IV. EMV RNA is the only ex- 
ception in having 13 bases in this stack. Hairpin loops I1 and 
I11 resembling the T W  loop and the anticodon loop of normal 
tRNA, respectively, always contain seven nucleotides like in 
tRNA, whereas loop I (absent in tRNA) and loop IV, cor- 
responding to the D loop in tRNA, vary in size. The same 
is true for the variable loop. 

It is interesting to note that some residues found in all 
tRNAs appear to be conserved in the tymoviral tRNA-like 
structures as well. The most obvious one is that of the CC(A) 
end. The only other residues are the G-C base pair at the end 
of the T stem and the possible G C  pair between residues from 
the T and D loop (see Figure 5). However, no direct proof 
is available as yet for the presence of the latter Watson-Crick 
base pairing. It may also be noted that a conserved residue 
is found in the loop connecting the aminoacyl acceptor arm 
and the anticodon stem of the tymoviral RNAs (e.g., U-43 
of TYMV RNA). This uridine might correspond to the 
conserved uridine residue at  position 8 in elongator tRNAs, 
which is thought to play a crucial role in aminoacylation (see 
below). On the other hand, residues being invariant in 
standard tRNAs are clearly not so at identical sites in the viral 
tRNA-like structures, e.g., the universal U-33 at the 5'side 
of the anticodon, A-14 in the dihydrouridine loop, or the T\k 
sequence in the T loop. The absence of a number of conserved 
residues, together with the fact that the 3' termini of tymoviral 
RNAs do not contain modified nucleotides, suggests that these 
tRNA-like structures do not mimic standard tRNAs in every 
respect and therefore cannot participate in the elongation cycle 
on the ribosome. 

Interaction with Valyl-tRNA Synthetase. An intriguing 
question is how tRNA-like structures succeed so well in rec- 
ognizing the aminoacyl-tRNA synthetases. For instance, the 
kinetic parameters of the valylation of TYMV RNA are quite 
similar to those for tRNAVa1 from yeast (GiegE et al., 1978). 
A comparison of the 3'-terminal structures of tymoviral RNAs 
with that of tRNAVa' may reveal which features are important 

for the recognition of the valyl-tRNA synthetase. 
In the past considerable effort has been directed at locating 

regions on the tRNA that are important for binding of 
synthetase, by use of approaches like tRNA modification, 
tRNA-synthetase cross-linking, site-directed mutagenesis, etc. 
(Schimmel & Soll, 1979). The only generalization that could 
be made was that the synthetase appears to bind along and 
around the inside of the L shape of tRNA, contacting regions 
like the anticodon, the 5'side of the dihydrouridine stem, and 
the acceptor terminus (Chambers et al., 1973). 

When the consensus structures of all prokaryotic (Figure 
5A) and eukaryotic (Figure 5B) tRNAs specific for valine are 
compared to that of the valine-accepting tRNA-like structure 
(Figure 5C), some interesting features emerge. In addition 
to the conservations already mentioned above, which are 
common to all tRNAs, we note the strict conservation in all 
consensus structures of an ACA sequence at the 3'side of the 
anticodon loop, partially overlapping the anticodon. We 
therefore propose that this region is largely responsible for the 
specific recoginition of the valyl-tRNA synthetase. This se- 
quence homology was noted by others (Haenni & Chapeville, 
1980) when one member of the tymoviral family (TYMV) was 
compared with tRNAVa' from yeast. In addition, studies of 
phosphate modification with (ethy1nitroso)urea of tRNAVa' 
complexed with valyl-tRNA synthetase from yeast showed that 
the tRNA-like structure of TYMV RNA and tRNAva' were 
equally accessible at the 3'side of the anticodon stem and loop 
(R. Giegi, personal communication). Moreover, the role of 
the anticodon nucleotides in recognition of tRNAs by amin- 
oacyl-tRNA synthetases has been well documented [for a 
recent review, see Kisselev, (19891. This is especially true 
for tRNAva'. The crucial role of the A-35 and C-36 residues 
from the anticodon of tRNAVa' became clear from a number 
of studies [Kisselev (1985) and references cited therein]. 
Similar observations on the importance of the anticodon as 
the major determinant for synthetase recognition were reported 
for tRNAmet and tRNATrp (Kisselev, 1985; Pelka & Schul- 
man, 1986; Garret et al., 1984). 

It is doubtful whether any residue in the aminoacyl acceptor 
arm is involved in the specific recognition of the valyl-tRNA 
synthetase. The C-5-G-76 base pair shared by all tRNAVa' 
structures is not found in the tRNA-like consensus structure. 
Also, the residue at position 4 in the tRNA-like structure 
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(corresponding to position 73 in tRNA) is a G in the case of 
CcTMV RNA instead of the more common adenine. This 
means that this residue cannot function as a discriminator 
(Crothers et al., 1972). Moreover, the presence of the two 
so-called connecting loops in the aminoacyl acceptor arm of 
the tymoviral RNAs suggests that this complete region cannot 
be a major determinant for synthetase recognition. 

As far as the corner of the L shape of the tRNA-like 
structure is concerned, we have mentioned above the conser- 
vation of a uridine residue adjacent to the aminoacyl acceptor 
arm (e.g., U-43 of TYMV RNA). It is possible that this 
uridine, which in the three-dimensional structure occurs at a 
similar position as U-8 in tRNA, is involved in the formation 
of a transient covalent bond with the synthetase (Starzyk et 
al., 1985). Site-directed mutagenesis of this particular base 
may shed light on its possible involvement in the amino- 
acylation reaction. 

All these observations lead to the same conclusion as for- 
mulated by Kisselev (1985): *--- there is no reason to look for 
a recognition site other than the anticodon in all tRNAsVa' of 
eukaryotes." We only want to add here that the A residue 
at the 3' side of the anticodon (A-37 in tRNAVa') might 
contribute further to this specificity. 

This strong conservation of the ACA stretch in the anticodon 
loop necessary for valylation may point to the fact that valy- 
lation itself or the binding of valyl-tRNA synthetase is obli- 
gatory in viral RNA replication. It may be recalled that Joshi 
et al. (1982b) have demonstrated valylation of TYMV RNA 
in Chinese cabbage leaves and Xenopus laevis oocytes. A 
similar in vivo aminoacylation has been reported for the tyr- 
osine-specific BMV R N A  (Loesch-Fries & Hall, 1982). 
Site-directed mutagenesis studies on cDNA clones of BMV 
RNA (Dreher et al., 1984; Bujarski et al., 1985, 1986) have 
shown that modifications in the putative anticodon loop and 
stem (Rietveld et al., 1983) did not affect tyrosylation but 
rather replication. This makes the orientation of this particular 
stem (stem C) in the tRNA-like structure and its assignment 
as the anticodon stem questionable. This is further supported 
by the observation made by Kozlov et al. (1984) in barley 
stripe mosaic virus RNA: in this case stem C is very short. 
It remains to be seen where exactly the determinants of 
synthetase recognition are located in the 3' terminus of BMV 
RNA. 

Relationships among Tymoviruses. In general, nucleotide 
sequences provide the best source of information to establish 
evolutionary relationships among different organisms (or vi- 
ruses). The sequence data available for the tymoviruses are 
relatively scarce compared to those of many other (plant) virus 
groups. So far, only the sequences of the coat protein mes- 
senger RNA (Guilley & Briand, 1978) and the 5'-terminal 
leader of TYMV RNA (Briand et al., 1976a) are known, as 
is a short 3'-terminal stretch of EMV RNA (Briand et al., 
1976b). From these data it can be derived that the 3' non- 
coding region of TYMV RNA is 109 nucleotides in length. 
In the case of OYMV and CYVV RNA, sequences exceeding 
this length were determined. Unfortunately, no coat protein 
sequences are known for these viruses. In CYVV RNA a 
potential stop codon is found at position 92 (from the 3' end) 
just downstream of a 26 nucleotide long stretch of pyrimidines 
only. Such a pyrimidine-rich region is also present immedi- 
ately upstream of the stop codon of the TYMV coat protein 
cistron. It may also be present at an analogous position in 
EMV RNA as can be deduced from the recently determined 
amino acid sequence of the coat protein of this virus (Dupin 
et al., 1984). 

The partial sequences of a limited set of tymoviral RNAs 
certainly do not allow a classification within this group. 
Nevertheless, it is interesting to see that the way in which the 
aminoacyl acceptor arm of the otherwise strongly conserved 
tRNA-like structure is folded independently supports earlier 
proposed classifications as based on serology (Koenig, 1976), 
amino acid compositions (Paul et al., 1980), and host range 
(Guy et al., 1984). 

As already mentioned above, our data suggested a close 
relationship between KYMV and CYVV on one hand and 
between APLV, EMV, and OYMV on the other (see Figure 
4B). The latter virus was classified on basis of host range (Guy 
et al., 1984) as belonging to the APLV cluster, which is in 
agreement with our findings. Serological methods, however, 
indicate that OYMV has a somewhat more distant relationship 
with the other members of this group. EMV was classified 
earlier as a member of the CYVV cluster, but our data confirm 
its classification in the APLV cluster as proposed by Koenig 
(1976). 

The construction of the aminoacyl acceptor arm of TYMV 
RNA so far is unique among the tymoviruses. In this respect 
it resembles CcTMV, which in fact is a tobamovirus. The 
tRNA-like strucure of CcTMV RNA in itself is rather pe- 
culiar in that it has a C residue at position 4 instead of an A 
residue, the stretch of four A residues (A-21-A-24), which 
spans the deep groove in the pseudoknot, and the GAC an- 
ticodon, which is different in the wobble position from all other 
tymoviral RNAs. If recombination on the RNA level has 
occurred in the past, leading to an exchange of a histidine- 
accepting 3' terminus for a valine-accepting tymoviral one 
(Van Belkum et al., 1985), it probably was an early event in 
the evolution of the tymoviruses. 

We finally want to point out that, apart from the com- 
pensating base changes in the stem regions, the mutational 
rates in these tRNA-like structures seem to be highest in the 
two connecting loops in the pseudoknot and in the variable 
loop. This is exemplified below for a few viruses. We earlier 
noted a difference in the sequence of the type strain of TYMV 
we have studied for a long period in our laboratory with that 
published by others (Rietveld et al., 1982; Briand et al., 1977; 
Silberklang et al., 1977). We have evidence that residue C-22 
is replaced by a U residue, which is just in the four-nucleotide 
stretch crossing the deep groove in the pseudoknot. Partial 
sequences available for the APLV strains Ay and Hu revealed 
a sequence identical with that of the Col I strain, except for 
one substitution in the variable loop (Rietveld, 1984). The 
same is true for EMV because the sequence given in Figure 
4 does not completely overlap the previously published partial 
sequence (Briand et al., 1976). The two sequences again differ 
in the variable loop even in a rather drastic way. We therefore 
believe that the function of this variable loop is largely to 
connect the two separate domains in the tRNA-like structure, 
except for the possibly important role of the conserved U 
residue already mentioned above. 
ACKNOWLEDGMENTS 

We thank Francis Mac Donald for typing the manuscript, 
Pieter Jan Wiersema for his contribution in some of the ex- 
periments, and Barend Kraal for helpful suggestions. We 
acknowledge Dr. B. Verduin for the gift of two strains of 
BdMV. We are indebted to Dr. R. Koenig for the generous 
gift of the tymoviruses, helpful discussion, and reading of the 
manuscript. 
REFERENCES 
Beachy, R. N., Zaitlin, M., Bruening, G., & Israel, H. W. 

(1976) Virology 73, 498-507. 



F O L D I N G  O F  T H E  3 '  E N D  O F  T Y M O V I R A L  R N A S  V O L .  2 6 ,  N O .  4 ,  1 9 8 7  1151 

Koenig, R. (1976) Virology, 72, 1-5. 
Koenig, R., & Lesemann, D. E. (1979) CMZ/AAB Descrip- 

tions of Plant Viruses, No. 214. 
Koenig, R., & Lesemann, D. E. (198 1) in Handbook of Plant 

Virus Infections and Comparative Analysis (Kurstak, E., 
Ed.) pp 33-60, Elsevier/North-Holland, Amsterdam. 

Kozlov, Y. V., Rupasov, V. V., Adyshev, D. M., & Belge- 
larskaya, S. N. (1984) Nucleic Acids Res. 12, 4001-4009. 

Loesch-Fries, L. S., & Hall, T. C. (1982) Nature (London) 

Matthews, R. E. F. (1981) Intervirology 15, 121-144. 
Meshi, T., Ohno, T., Iba, H., & Okada, Y. (1981) Mol. Gen. 

Noller, H. F. (1984) Annu. Rev. Biochem. 53, 119-162. 
Paul, H. L., Gibbs, A. J., & Wittman-Liebold, B. (1980) 

Peattie, D. (1979) Proc. Natl. Acad. Sci. U.S .A.  76, 

Peattie, D., & Gilbert, W. (1980) Proc. Natl. Acad. Sci. 

Pelka, H., & Schulman, L. H.  (1986) Biochemistry 25, 

Pinck, M., Yot, P., Chapeville, F., & Duranton, H. M. (1970) 

Pinck, M., Chan, S. K., Geneveaux, M., Hirth, L., & Du- 

Pinck, M., Geneveaux, H., & Duranton, H. M. (1974) Bio- 

Pleij, C. W. A., Rietveld, K., & Bosch, L. (1985) Nucleic 

Rether, B., Bonnet, J., & Ebel, J. P. (1 974) Eur. J .  Biochem. 

Rietveld, K. (1984) Ph.D. Thesis, University of Leiden, The 
Netherlands. 

Rietveld, K., van Poelgeest, R., Pleij, C. W. A,, von Boom, 
J. H., & Bosch, L. (1982) Nucleic Acids Res. 10, 

Rietveld, K., Linschooten, K., Pleij, C. W. A., & Bosch, L. 

Schimmel, P. R., & Soll, D. (1979) Annu. Rev. Biochem. 48, 

Silberklang, M., Prochiantz, A., Haenni, A. L., & RajBhan- 
dary, U. L. (1977) Eur. J .  Biochem. 72, 465-478. 

Sprinzl, M., Moll, J., Meissner, F., & Hartman, T. (1985) 
Nucleic Acids Res. 13(Suppl.), rl-r49. 

Starzyk, R., Schoemaker, H., & Schimmel, P. (1985) Proc. 
Natl. Acad. Sci. U.S.A. 82, 339-342. 

van Belkum, A., Abrahams, J.  P., Pleij, C. W. A., & Bosch, 
L. (1985) Nucleic Acids Res. 13, 7673-7686. 

Yot, P., Pinck, M., Haenni, A. L., Duranton, H. M., & 
Chapeville, F. (1970) Proc. Natl. Acad. Sci. U.S.A. 67, 

298, 771-773. 

Genet. 184, 20-25. 

Intervirology 13, 99-109. 

1760-1 764. 

U.S.A. 77, 4679-4682. 

4450-4456. 

Nature (London) 226, 954-956. 

ranton, H. M. (1972) Biochimie 54, 1093-1094. 

chimie 56, 423-428. 

Aiids Res. 13, 1717-1731. 

50, 281-288. 

1929-1946. 

(1984) EMBO J .  3, 2613-2619. 

60 1-648. 

1345-1 352. 

Bosch, L., Bonnet-Smits, E. M., & Van Duin, J. (1967) Vi- 
rology 31, 453-460. 

Briand, J. P., Keith, G., & Guilley, H. (1976a) Proc. Natl. 
Acad. Sci. U.S.A. 75, 3168-3172. 

Briand, J. P., Richards, K. E., Bouley, J. P., Witz, J., & Hirth, 
L. (1976b) Proc. Natl. Acad. Sci. U.S.A. 73, 737-741. 

Briand, J. P., Jonard, G., Guilley, H., Richards, K., & Hirth, 
L. (1977) Eur. J .  Biochem. 72, 453-463. 

Bujarski, J. J., Dreher, T. W., & Hall, T. C. (1985) Proc. Natl. 
Acad. Sci. U.S.A. 82, 5636-5640. 

Bujarski, J. J., Ahlquist, P., Hall, T. C., Dreher, T. W., & 
Kaesberg, P. (1986) EMBO J .  5, 1769-1774. 

Chambers, R. W., Aoyagi, S., Furukawa, Y., Zawadzka, H., 
& Bhanot, 0. S. (1973) J .  Biol. Chem. 248, 5549-5551. 

Crothers, D. M., Seno, T., & Soll, D. (1973) Proc. Natl. Acad. 
Sci. U.S.A. 69, 3063-3066. 

Donis-Keller, H.  (1977) Nucleic Acids Res. 4, 2527-2538. 
Dreher, T. W., Bujarski, J. J., & Hall, T. C. (1984) Nature 

(London) 311, 171-175. 
Duisterwinkel, F. J. (1981) Ph.D. Thesis, University of Leiden, 

The Netherlands. 
Dupin, A. R., Peter, R., Collot, D., Das, B. C., Peter, C., 

Bouillon, P., & Duranton, H. M. (1984) C. R .  Acad. Sci., 
Ser. 3 8 ,  219-221. 

Florentz, C., Briand, J. P., Romby, P., Hirth, L., Ebel, J. P., 
& Giegi, R. (1982) EMBO J .  1 ,  269-276. 

Fox, G. E., & Woese, C. R. (1975) Nature (London) 256, 

Garret, M., Labouesse, B., Litvak, S., Romby, P., Ebel, J. P., 

Giegi, R., Briand, J. P., Mengual, R., Ebel, J .  P., & Hirth, 

Guilley, H., & Briand, J. P. (1978) Cell (Cambridge, Mass.) 

Guy, P. L., Dale, J. L., Adena, M. A., & Gibbs, A. J. (1984) 
Plant Pathol. 33, 337-346. 

Haenni, A. L., & Chapeville, F. (1980) in tRNA: Biological 
Aspects, pp 539-556, Cold Spring Harbor Laboratory, Cold 
Spring Harbor, NY. 

Haenni, A. L., Joshi, S., & Chapeville, F. (1982) in Progress 
in Nucleic Acid Research and Molecular Biology (David- 
son, I. N., & W. E., Cohn, Eds.) Academic, New York. 

Hall, T. C. (1979) Znt. Rev. Cytol. 60, 1-26. 
Joshi, S., Chapeville, F., & Haenni, A. L. (1982a) Nucleic 

Joshi, S., Chapeville, F., & Haenni, A. L. (1982b) EMBO J .  

Joshi, S.,  Joshi, R. L., Haenni, A. L., & Chapeville, F. (1983) 
Trends Biochem. Sci. (Pers. Ed. )  November, 402-404. 

Kisselev, L. (1985) in Progress in Nucleic Acid Research and 
Molecular Biology (Cohn, W. E., & Moldave, K., Eds.) pp 
239-267, 'Academic, New York. 

505-507. 

& GiegE, R. (1984) Eur. J .  Biochem. 138, 67-75. 

L. (1978) Eur. J .  Biochem. 84, 251-256. 

15, 113-122. 

Acids Res. 10, 1947-1962. 

1 ,  935-938. 


