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The tRNA-like structure at the 3* end of turnip yellow mosaic virus (TYMV) RNA was studied in order to
determine the role of this structure in the initiation of minus-strand synthesis in vitro. Deletions in the 5*-to-3*
direction up to the pseudoknot structure did not result in a decrease of transcription efficiency. However,
transcription efficiency was reduced twofold when a fragment of 21 nucleotides, comprising the 3*-terminal
hairpin, was used as a template. tRNAPhe from yeast, Escherichia coli 5S rRNA, and the 3*-terminal 208
nucleotides of alfalfa mosaic virus RNA 3 could not be transcribed by the RNA-dependent RNA polymerase
(RdRp) of TYMV. Various mutations in the sequences of loop regions L1 and L2 or of stem region S1 of the
pseudoknot were tested to further investigate the importance of the pseudoknot structure. The results were
compared with those obtained in an earlier study on aminoacylation with the same mutants (R. M. W. Mans,
M. H. van Steeg, P. W. G. Verlaan, C. W. A. Pleij, and L. Bosch, J. Mol. Biol. 223:221–232; 1992). Mutants which
still harbor a stable pseudoknot, as proven by probing its structure, have a transcription efficiency very close
to that of the wild-type virus. Disruption of the pseudoknot structure, however, gives rise to a drop in
transcription efficiency to about 50%. No indications of base-specific interactions between L1, L2, or S1 of the
pseudoknot and the RdRp were found.

The 39 end of the positive-stranded RNA genome of turnip
yellow mosaic virus (TYMV) is folded into a “tRNA-like struc-
ture” (20). The aminoacyl acceptor arm consists of 12 bp, of
which 8 bp are part of a pseudoknotted structure (Fig. 1). The
structural similarities result in tRNA-like properties of the
viral RNA such as adenylation by ATP:tRNA nucleotidyltrans-
ferase (9), aminoacylation with valine by valyl-tRNA syn-
thetase (18), and interactions with elongation factors (8, 10).
More recent studies showed that substitutions in the anticodon
loop that resulted in decreased valylation also reduced multi-
plication of the virus, indicating a correlation between valine
acceptance activity and viability (22). However, switching the
aminoacylation identity from valine to methionine resulted in
an infectious virus, meaning that neither specific aminoacyla-
tion with valine nor the interaction with valyl-tRNA synthetase
is crucial (5). Furthermore, enhancement of genome stability
or gene expression also did not seem to be the major role of the
tRNA-like structure of TYMV RNA (21). Therefore, as rep-
lication starts at the 39 end of the RNA, this tRNA-like struc-
ture, or part of it, is thought to be involved in the initiation of
minus-strand synthesis.

We recently published a new method for the isolation and
partial purification of the RNA-dependent RNA polymerase
(RdRp) of TYMV (3). The RdRp, purified up to and through
the glycerol gradient centrifugation step, was proven to be of
viral origin and specific for TYMV RNA. After treatment with
micrococcal nuclease, the RdRp was shown to be completely
dependent on added template RNA and could therefore be
used for studies on minimal template requirements for minus-
strand synthesis.

The 39-terminal 83 nucleotides (nt) of TYMV RNA (83-nt

fragment in Fig. 1), which includes the complete tRNA-like
structure, was already shown to be efficiently transcribed by the
RdRp of TYMV in vitro (3). Previously, it was suggested that
the minus-strand promoter is probably 38 nt long or shorter, as
a fragment consisting of the 39-terminal 38 nt, containing the
pseudoknot structure, could compete with viral RNA (6). We
have investigated whether RNA fragments containing fewer
than 38 nt from the 39 terminus of TYMV RNA can be used as
templates by the RdRp. Subsequently, we have studied, by
mutational analysis, the role of the 39 pseudoknot structure in
the initiation of minus-strand synthesis in vitro. We also discuss
the results of in vitro transcription by the RdRp in relation to
those of aminoacylation and probing of the structures of the
same mutants, as previously presented (12), in order to gain
further insight into the role of the pseudoknot in the multipli-
cation of the virus.

MATERIALS AND METHODS

RdRp preparation and RdRp assay. The RdRp was isolated, purified up to
and through the glycerol gradient centrifugation step, and treated with micro-
coccal nuclease as described previously (3). Twenty microliters of the glycerol
gradient fraction containing the highest RdRp activity was treated with micro-
coccal nuclease, and in vitro transcription was performed in a 100-ml volume
containing 40 mM Tris-HCl (pH 9.0); 8.0 mM MgCl2; 2.5 mM dithiothreitol; 0.8
mM ATP, GTP, and CTP; 10 mCi of [a-32P]UTP (ICN); 2% (vol/vol) ethanol;
and 125 ng of actinomycin D as described previously (3), except that the incu-
bation time was doubled from 30 min to 1 h. Five micrograms of the wild-type
(wt) RNA and an equimolar amount of the other RNA fragments were used in
both a standard RdRp assay and a competition experiment. The reaction prod-
ucts were analyzed by gel electrophoresis on an 8 M urea–polyacrylamide gel
under denaturing conditions. [a-32P]UTP incorporation was determined by Čer-
enkov counting of the reaction product in the gel. The transcription efficiencies
of the various templates were calculated by dividing the counts per minute by the
number of U residues present in the negative-sense reaction product, assuming
that the 39-terminal A residue was not being transcribed. Relative efficiency was
obtained by comparing the calculated transcription efficiency with that of the
unmodified reference template.

Construction and synthesis of the 83-nt fragment and 5*-to-3* deletion mu-
tants. The 59-to-39 deletion mutants (the 44-nt, G130, 28-nt, and G120 frag-
ments) constructed were created by cloning of a corresponding oligonucleotide
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behind a synthetic T7 promoter in the vector pUC19 as described elsewhere for
the 83-nt fragment (3). The cDNAs were digested with MvaI, resulting in an
RNA fragment with a 39 CCA end after runoff transcription with T7 RNA
polymerase. The RNA was purified by electrophoresis on an 8 M urea–15%
polyacrylamide gel. The RNA concentration was determined by UV spectros-
copy at 260 nm.

Construction and synthesis of the 4193 and 10193 fragments and
pseudoknot mutants. The construction of the 4193 and 10193 fragments earlier
designated wt(9314) and wt(93110), respectively, and the pseudoknot mutants
was described previously (11, 12).

Isolation of 5S rRNA. The 23S and 5S rRNAs were isolated from the ribosome
50S subunit fraction of Escherichia coli. The RNAs were separated on a 2%
agarose gel, and the 5S rRNA was isolated from the gel by diffusion at 4°C for
16 h.

Isolation of tRNAPhe from yeast. Partially purified tRNAPhe was obtained from
a crude tRNA mixture from brewer’s yeast as previously described (13).

Construction and synthesis of the 3*-terminal 208-nt fragment of AMV RNA
3. Plasmids pTE7 and pBRWT, both described previously (19), were used to
construct plasmid DpDHpACO, containing the 39-terminal 208 nt of alfalfa
mosaic virus (AMV) RNA 3 downstream of a synthetic T7 promoter and up-
stream of a PstI site. Plasmid pTE7, containing the 39-terminal 208 nt of AMV
downstream of a pBR322 sequence of 783 nt and a T7 promoter sequence, was
first digested with HindIII and PstI to remove the nonviral pBR322 sequence.
The remainder of the plasmid was then closed by blunt-end ligation. The plasmid
obtained, DpDHp, can be linearized by SmaI digestion, resulting in an RNA
fragment with two nonviral 39 C residues after transcription with T7 RNA
polymerase. To remove the two nonviral C residues as a last step to obtain
DpDHpACO, DpDHp was digested with BstXI and SmaI, and the BstXI-SmaI
fragment was replaced by the corresponding fragment of pBRWT. Plasmid
pBRWT contains the same sequence as pTE7, but the SmaI restriction site is
changed in order to obtain a PstI site just downstream of the viral sequence and
upstream of the SmaI site. Linearizing DpDHpACO with PstI will now result in
an RNA fragment containing the 39-terminal 208 nt of AMV with the correct 39
terminus after transcription with T7 RNA polymerase.

RESULTS

The 3*-terminal fragments containing the pseudoknot se-
quence possess sufficient information for efficient transcrip-
tion. Deletion mutant forms of the 83-nt fragment were con-
structed in the 59-to-39 direction in order to investigate the

importance of the tRNA-like structure in minus-strand initia-
tion (Fig. 2B). All constructs, except for the G120 fragment,
contain the sequence which is folded into the 39-terminal
pseudoknot structure which is part of the aminoacyl acceptor
arm of the tRNA-like structure (Fig. 1).

The glycerol gradient-purified and micrococcal nuclease-
treated RdRp preparation was used to test these fragments as
templates in in vitro RdRp assays. Figure 2A and Table 1 show
that the 39-terminal fragments containing the pseudoknot se-
quence, i.e., the 44-nt, G130, and 28-nt fragments, all function
more efficiently as templates than the 83-nt fragment. In the
calculation of relative efficiency as described in Materials and
Methods, it was assumed that the A residue present at the 39
end of all transcripts was not being transcribed. This assump-
tion is based upon the results obtained for brome mosaic virus
(BMV) (14) and is supported by the results obtained for
TYMV so far (1, 15, 17). Although for all of the tRNA-like
fragments discussed in this paper, wrongly neglecting the 39 A
residue hardly has any influence on the percentages obtained,
this is not completely true for the 59-to-39 deletion mutants.
Therefore, the percentages obtained by including transcription
of the terminal A residue in the calculations are also pre-
sented.

Surprisingly, the 39-terminal hairpin (G120 fragment) could
also be used as a template by the RdRp (Fig. 2A and Table 1).
However, a reduction of transcription efficiency to approxi-
mately 50% was observed. This twofold reduction indicates
that the part of the pseudoknot upstream of the 39 hairpin is
important for efficient transcription but probably because of
the resulting structure rather than base-specific interactions of
the RdRp with these nucleotides; as in the latter case, a more
drastic reduction was expected. This idea is strengthened by
the low conservation of the nucleotide sequence in loop L1 of
other TYMV tRNA-like structures (12).

Although the RdRp preparation was shown to be specific for
TYMV RNA (3), this had to be tested again when using small
RNA fragments. Table 1 shows that tRNAPhe from yeast, 5S
rRNA from E. coli, and the 39-terminal 208 nt of AMV RNA
3, obtained by T7 RNA polymerase transcription of the cDNA
clone, are all very poor templates for the RdRp in comparison
with the 83-nt fragment. In the case of tRNAPhe, some very
small products, up to about 10 nt long, were detected after a
long exposure (result not shown). It is very likely that modifi-
cations in this RNA prevent the synthesis of full-length minus
strands. For AMV, it was previously shown that the complete
genomic RNA could be used as a template, although at a low
level compared with genomic TYMV RNA (3). The reason for
this difference in behavior with the small 39-terminal RNA
fragment is not known.

The reaction products all migrated more slowly in an 8 M
urea–15% polyacrylamide gel under denaturing conditions
than the template RNA. This is in agreement with what was
described previously for the reaction product of the 83-nt frag-
ment (3). Treatment of this reaction product with nuclease S1
showed that the reaction product was double stranded (3).
Therefore, we assume that the reaction products presented
here also form very stable duplex RNAs with their templates,
explaining the deviation in migration behavior in comparison
with the template RNA.

The nucleotides of loop L2 (59 UCA 39), crossing the shallow
groove of the quasicontinuous RNA double helix of the
pseudoknot, are highly conserved in TYMV tRNA-like struc-
tures and are probably exposed to the solvent (12). As the
nucleotides of this loop are still present in the G120 fragment,
although probably in a different conformation, mutational
analysis of these bases could reveal base specificity of this loop

FIG. 1. Secondary structure of the 83-nt, 4193, and 10193 fragments con-
taining the 39 end of TYMV RNA. The 59 end of the viral part of the different
fragments is indicated by the broken lines. In the 4193 and 10193 fragments, the
different nonviral sequences, 4 and 10 nt, respectively, are represented upstream
of the broken line. Numbering of the nucleotides and hairpins is from the 39 end.
Numbering of the hairpins is indicated in roman numerals. The pseudoknot
formation is indicated by solid lines. The stem regions, S1 and S2, and loop
sequences, L1 and L2, of the pseudoknot are indicated.
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in transcription. The A residue 10 nt upstream of the 39 end
(A10) and the U residue 12 nt from the 39 end (U12) seem to
be especially good candidates for base-specific interactions of
the RdRp, as C11 is not always present in L2 loops of related
viral RNAs (12).

Mutational analysis of the pseudoknot structure. Previ-
ously, the 39-terminal 93 nt of TYMV RNA were cloned be-
hind a T7 promoter and fragments 4193 and 10193, having 4
and 10 different nonviral nt at the 59 end, respectively, were
synthesized (Fig. 1). Site-specific mutations were introduced in
the various parts of the pseudoknot in order to gain further
insight into the stability of the RNA pseudoknot in the tRNA-
like structure and the relationship to aminoacylation activity
(11, 12). As both the 4193 and 10193 fragments turned out to
be good templates for the RdRp in vitro compared with the
83-nt fragment (Table 2), we decided to use these mutants to
further investigate the importance of the pseudoknotted struc-
ture in the initiation of minus-strand synthesis. We divided the
mutants into three groups: (i) those with deletion mutations in
loop L1 and L2 and an insertion mutation in L1, all derived
from the 10193-construct; (ii) those with substitution muta-
tions in L2 and stem S1; and (iii) those with double mutations
in S1, both derived from the 4193 construct.

(i) Deletion and insertion mutations in L1 and L2. Figure 3
summarizes the L1 and L2 deletion mutants and the L1 inser-
tion mutant used in this study. Table 2 shows that two- and
three-nucleotide reductions of L1 (DU22U23 and DU21-U23,

respectively) did not significantly influence transcription effi-
ciency compared to that of the wt 10193 fragment. This is in
agreement with the low conservation of these nucleotides in
the pseudoknot of the tRNA-like structures of related TYMV
RNAs as mentioned above. However, deletion of all four nu-
cleotides (DU21-C24) led to a decrease in transcription effi-

TABLE 1. Transcription efficiencies of the 83-nt fragment, the 59-39
deletion mutants, and RNA fragments of different originsa

Template
Relative
efficiency

(%)b

83-nt fragment .............................................................................100 (100)
44-nt fragment .............................................................................101 (94)
G130 fragment ...........................................................................102 (87)
28-nt fragment .............................................................................112 (95)
G120 fragment ........................................................................... 53 (45)
tRNAPhe ....................................................................................... ,1
5S rRNA ...................................................................................... ,1
AMV 39 RNA ............................................................................. ,1 (,1)

a [32P]UMP incorporation was determined by Čerenkov counting of the reac-
tion products in the gel and was divided by the number of UMP residues present
in the negative-sense reaction product, assuming that the 39-terminal A was not
being transcribed.

b Compared with the 83-nt fragment. Values are averages of two experiments.
Errors in percentages are about 5%. For the values in parentheses, transcription
of the terminal A residue was included in the calculations.

FIG. 2. Transcription of the 83-nt fragment and the 59-39 deletion mutants.
(A) Autoradiography of the 32P-labelled products using the 83-nt, 44-nt, G130,
28-nt, and G120 fragments as templates. The positions of the template RNAs,
determined by staining, are indicated on the right. Numbers in the designations
indicate the number of viral nucleotides from the 39 end, and G1 means that a
nonviral G residue is added at the 59 end for transcription with T7 RNA poly-
merase. In the 44-nt fragment, the viral hairpin upstream of the pseudoknot has
been replaced with a more stable nonviral hairpin. By nuclear magnetic reso-
nance studies, it was shown that in the presence of 10 mM MgCl2, the
pseudoknot is indeed present in this fragment (23). (B) Secondary structures of
the different template RNAs. The pseudoknot formation is indicated by solid
lines. Broken lines indicate that the pseudoknot formation is putative.
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ciency to about 60% (Table 2). Although earlier structure-
probing experiments suggested that none of these deletions
disrupts the RNA pseudoknot, a distortion of the structure of
mutant DU21-C24 was certainly expected and was supported
by the loss of aminoacylation of this mutant (12). The reduc-
tion of transcription efficiency could therefore be explained in
the same way.

Insertion of four A residues between U21 and U22 (i4A)
also resulted in a decrease of transcription efficiency to about
60% (Table 2). Structural analysis showed the existence of the
RNA pseudoknot (12), and distortion of the pseudoknot struc-
ture is not expected for this mutant. However, studies on ami-
noacylation of this mutant do indicate that the enlarged L1
loop does sterically hinder the valyl-tRNA synthetase in bind-
ing of the tRNA-like structure. The same explanation may hold
for the reduction of transcription efficiency of this mutant by
the viral RNA polymerase.

Deletion of only C11 (DC11) resulted in a reduction of
transcription efficiency to about 80% (Table 2). Deletion of
both C11 and U12 (DC11U12) resulted in a reduction to about
60% (Table 2). This relatively low reduction does suggest that
no base-specific interactions between the RdRp and these nu-
cleotides exist, despite the conservation of especially U12 in
related pseudoknots. Although probing of the mutants did not
reveal disruption of stem S1 or S2, distortion of the pseudo-
knot structure may take place in the DC11 mutant and is
certainly expected in the DC11U12 mutant (12). This, there-
fore, could explain the reduced transcription efficiency of both
mutants. The complete loss of aminoacylation of both mutants
is in agreement with this explanation.

(ii) Substitution mutations in L2 and S1. As C11 is not
absolutely conserved in loop L2 of other TYMV RNAs, only
residues A10 and U12 of L2 in the 4193 fragment were re-
placed (Fig. 4B). Some of the substitutions do have an impor-
tant effect on the structure, as concluded from structure prob-

ing (12) and as presented in Fig. 4B. Figure 4A and Table 2
show the reaction products and the transcription efficiencies,
respectively, of these mutants compared to that of the wt 4193
fragment. Replacement of A10 with a G or C residue or U12
with a C residue did not have much influence on transcription
efficiency. In the A103G and U123C mutants, no consider-
able structural changes were detected by structure probing
(12). In the A103C mutant, an equilibrium between the
pseudoknot structure and a structure in which S2 is stabilized
at the top by an extra C-G base pair was proposed and in both
conformations the stacking of the base pairs is comparable
(12). As we used a large excess of RNA in our RdRp assays, it
is not clear whether both conformations can be used as tem-
plates by the RdRp. Together, these results do indicate that
both nucleotides do not interact with the RdRp in a specific
way. Interestingly, all three mutants could not be aminoacylat-
ed (A103C) or could be aminoacylated only at a low level
(A103G and U123C) (12).

Replacement of U12 with a G residue resulted in a decrease
in transcription efficiency of about 50% (Table 2). In this case,
S1 is stabilized by an extra G-C base pair, as evidenced by
structural probing (12). This shortening of L2 may, in turn,
lead to a partial distortion of stem S2 in favor of one or two
extra base pairs in S1. A similar result was obtained upon
replacement of G14 with a C residue in order to investigate the
influence of direct destabilization of stem S1, as proven by
structural probing (12), on template activity. Again, these two
mutants could not be aminoacylated (G143C) or could be
aminoacylated only at a very low level (U123G) (12).

(iii) Double mutations in S1. The disrupted pseudoknot
structure of the G143C mutant could be restored by changing
C26 into a G residue (12). Testing of this revertant (R1 in Fig.
5) in an in vitro RdRp assay resulted in a transcription effi-
ciency almost as high as that obtained for the wt 4193 frag-
ment (Table 2). Three more double mutants in which S1 could
be retained (R2, R3, and R4 in Fig. 5) were tested for tran-
scription efficiency. Table 2 shows that changing the G14-C26
base pair into an A-U base pair did not have any influence on
transcription efficiency. However, changing the G15-C25 base
pair into an A-U base pair reduced the transcription efficiency
in both R3 and R4 to about 60%. Structure probing of R4

FIG. 3. Summary of the deletion mutations in L1 and L2 and the insertion
mutation in L1 of the pseudoknot of the 10193 fragment. The regions between
two dotted lines connected by two-headed arrows were deleted, as indicated by
the symbol D. The long, horizontal arrow indicates where four A residues were
inserted.

TABLE 2. Transcription efficiencies of pseudoknot mutants

Reference or
test template

Relative efficiency (%)a

I II III

Wt 10193b 100
DC11 77
DC11U12 62
DU22U23 106
DU21-U23 92
DU21-C24 62
i4A 58
83 nt 105

Wt 4193c 100
A103G 104
A103C 99
U123G 55
U123C 92
G143C 53
R1 90
R2 98
R3 60
R4 66
83 nt 120

a I, no pseudoknot expected; II, unstable pseudoknot expected; III, pseudo-
knot expected.

b The 10193 fragment was the reference for the group of templates listed just
below it. The values are averages of three experiments. Errors in percentages are
about 5%.

c The 4193 fragment was the reference for the templates listed below it. The
values are averages of three experiments. Errors in percentages are about 5%.
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indicated the absence of a pseudoknot structure (12), while
probing of R2 gave rise to contradictory results, in that an
equilibrium between a pseudoknotted structure and a non-
pseudoknotted structure was observed (12). As R3 is less sta-
ble than R2, a pseudoknot structure was not expected in this
revertant. The fact that all of the double mutants could be
aminoacylated, R1 to the wt level and R2, R3, and R4 to a
lower level, was explained by assuming that the synthetase was
able to stabilize the pseudoknot (12).

Competition between the 83-nt fragment and the substitu-
tion mutants. The most interesting results so far, compared to
the results of aminoacylation, are those obtained by replacing
nucleotides 10 to 12 of L2. We therefore decided to test these
mutants again in a competition experiment with the 83-nt frag-
ment in order to optimize the conditions to determine tran-
scription efficiency. All of the mutants in the competition ex-
periments reacted in a way similar to the way they did in the
normal RdRp assays (compare Fig. 6 and 4A). However, when
calculating the transcription efficiencies of the mutants in com-
parison with that of the wt 4193 fragment, some minor differ-
ences were detected (Table 3, column A). The transcription
efficiencies of both A10 mutants showed a reduction to about
80%, indicating that some minor structural changes, in com-
parison with the structure of the wt 4193 fragment, prevail in
these mutants. Such an effect was not detected in the U123C
mutant. For the U123G and G143C mutants, reduction of
transcription efficiency was again observed. In the U123G

mutant, the relative efficiency even dropped to about 40% in
comparison with that of the wt 4193 fragment.

Surprisingly, when efficiency in comparison with the total
amount of the reaction product was calculated, a significant

FIG. 5. Summary of the double mutations in S1 of the pseudoknot. The
double mutations in revertants R1 to R4 are indicated on the right. The positions
of the mutations are indicated by broken arrows. The pseudoknot formation is
indicated by solid lines.

FIG. 4. Transcription of substitution mutant forms of the 4193 fragment.
(A) Autoradiography of the 32P-labelled products using the various templates.
The positions of the 83-nt and 4193 fragments, determined by staining, are
indicated on the right. (B) Secondary structures of the wt pseudoknot and the
pseudoknot regions in the various substitution mutants (12). The mutations
made are indicated. Only the relevant nucleotides are shown. The pseudoknot
formation is indicated by solid lines. Broken lines indicate alternative base pair
possibilities.
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reduction was detected, even for the wt 4193 fragment (Table
3, column B). This could indicate that the nucleotides of the
4193 fragment upstream of the tRNA-like structure, although
mostly of viral origin, do negatively influence the accessibility
of the RdRp to the template.

DISCUSSION

This paper shows that the complete tRNA-like structure at
the 39 end of TYMV RNA is not needed for efficient tran-
scription by the RdRp in vitro and therefore probably does not
play a direct role in the replication of the viral RNA. On the
other hand, the pseudoknot at the 39 end of the tRNA-like
structure is important, although not essential, as disruption of
the pseudoknot structure results in a twofold reduction of
transcription efficiency.

Various RNA fragments with mutations in the pseudoknot
of the tRNA-like structure were tested for the ability to func-
tion as templates for the RdRp of TYMV. Previously, the same
mutants were tested for valine acceptance and the effect of
these mutations on the pseudoknot structure was determined
by structure probing (12). Combining the new data with those
previously obtained results in a better understanding of the
function of the pseudoknot at the 39 end of TYMV RNA, as
will be discussed below.

Loop region L1 does not interact with the RdRp or valyl-
tRNA synthetase in a specific way. Deletion of two or three
nucleotides of L1 does not have much influence on transcrip-
tion efficiency or on aminoacylation in vitro (12). Surprisingly,
TYMV variants with only one C residue left in L1 could not
multiply in protoplasts or could multiply only at a very low level
(5). This indicates that the length of L1 is important, but
probably in a process different from aminoacylation and tran-
scription. Deletion of the four nucleotides of L1 appeared to
reduce the transcription efficiency to about 60% (Table 2). As
aminoacylation of this mutant is also lost (12), this can very
well be explained by serious distortion of the pseudoknot struc-
ture. In conclusion, no base-specific interaction with RdRp or
with valyl-tRNA synthetase is expected in this loop.

Loop region L2 has specific interactions with valyl-tRNA
synthetase but not with the RdRp. Remarkably, the effect on
transcription efficiency and aminoacylation observed for the
mutations in L2 was different. Whereas deletion of residue C11
resulted in complete loss of aminoacylation (12), the transcrip-
tion efficiency was only slightly reduced. This slight reduction
could point to a small structural change, but whether it is
sufficient to completely inhibit aminoacylation or whether
base-specific interactions with the synthetase are involved is
not known. Substitution mutations indicated that residues A10

and U12 do not interact with the RdRp in a base-specific way,
although they appeared to be very important for the binding of
the valyl-tRNA synthetase (12). However, some reduction of
transcription efficiency is obtained when the A10 substitution
mutants were tested in the presence of the 83-nt fragment in a
competition experiment, indicating that a small structural
change may also occur in these mutants. This could again be
the reason for the drastically reduced aminoacylation of these
mutants. Such an effect was not observed for the U123C
mutant in competition with the 83-nt fragment, indicating that
this mutation does not alter the overall structure and that
therefore the reduced aminoacylation activity must be due to
specific interactions with the synthetase.

A stable pseudoknot structure is important for both amino-
acylation and transcription. In both the U123G and G143C
mutants, disruption of the pseudoknot structure was proven by
structure-probing studies (12) and could very well explain the
reduced transcription efficiency and aminoacylation. For tran-
scription, the disruption in the U123G mutant seems to be
more drastic than that in the G143C mutant, as in a compe-
tition experiment the efficiency of the U123G mutant
dropped even more, to about 40% (Table 3). In the G143C
mutant, S1 is disrupted but S2 still exists. In the U123G
mutant, S1 is stabilized and destabilization of S2 is expected.
This may indicate that the stability of S2 is important for the
interaction of the RdRp with its template.

The results obtained with revertants R1 to R4 show that the
stability of S1 is important for efficient transcription, as it was
for efficient aminoacylation. However, as these revertants can
still be aminoacylated, although at a lower level, it was sug-
gested that the synthetase is able to stabilize the pseudoknot-
ted structure, especially in R3 and R4 (12). The RdRp does not

FIG. 6. Transcription of the substitution mutants in competition with the
83-nt fragment. Autoradiography of the 32P-labelled products using the various
templates. The positions of the 83-nt and 4193 fragments, determined by stain-
ing, are indicated on the right.

TABLE 3. Transcription efficiencies of substitution mutants
in competition with the 83-nt fragment

Template
Relative efficiency (%)

Aa Bb

Wt 4193 100 34
A103G 78 26
A103C 78 26
U123G 42 14
U123C 94 31
G143C 56 19

a Compared with total incorporation obtained from both the pseudoknot mu-
tants and the 83-nt fragment and compared with the 4193 fragment.

b Compared with total incorporation (100%). Relative efficiency of 83-nt frag-
ment per assay 5 total incorporation 2 value in column B.
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seem to be able to achieve this, again indicating that the RdRp
does not have any specific interactions with L1, L2, or S1 of the
pseudoknot.

The importance of the pseudoknot in minus-strand synthe-
sis is due to its structure. In conclusion, as the RdRp of
TYMV does not have any base-specific interaction with L1, L2,
or S1 of the pseudoknot, the importance of this part of the
tRNA-like structure for efficient transcription must be due to
its overall structure rather than its nucleotide sequence. On the
other hand, the valyl-tRNA synthetase seems to have specific
interactions, especially with L2 of the pseudoknot. Both the
RdRp and the valyl-tRNA synthetase are sensitive to desta-
bilization of the pseudoknot structure. However, absence of
the pseudoknot structure, as in the G143C mutant and
most convincingly in the 39-terminal hairpin (G120 frag-
ment), only results in a twofold reduction of transcription
efficiency. The question that remains is which features of the
39-terminal hairpin are responsible for the remaining pro-
moter activity.

For BMV, it was previously shown that sequence alterations
in most parts of the tRNA-like structure, especially in the pu-
tative anticodon-containing arm, decreased minus-strand syn-
thesis (2, 4). However, destabilization of only the pseudoknot
structure also resulted in low promoter activity (4). An im-
portant difference between both tRNA-like structures is that
in BMV, besides the very 39 end, part of the 59-proximal
region is also involved in the formation of the pseudoknot,
whereas in TYMV the pseudoknot is formed by the very 39
end only. Mutations outside the pseudoknot region of the
tRNA-like structure of BMV RNA may alter this position-
ing of the 59 and 39 regions and thereby influence transcrip-
tion efficiency.

Although the isolation and purification procedure we devel-
oped to obtain the RdRp of TYMV is relatively simple, it
cannot be ensured that the replicase complex obtained is iden-
tical to that which functions in vivo. The possibility of loss of
one or more protein subunits of viral or host origin, especially
during solubilization from the chloroplast membrane, cannot
be excluded. This could very well influence the specificity of the
replicase. Besides this, the RdRp is obtained from the mem-
brane-containing fraction of the cell, bound to its endogenous
RNA, which is suggested to be of negative polarity (16). As it
is unknown whether the same replicase complex is responsible
for both minus- and plus-strand production, the protein com-
position of the RdRp we use to transcribe positive-sense RNA
may differ from that of the RdRp responsible for this function
in vivo.

Speculation and discussion are going on concerning the
identity and function of host factors in the replication of plant
viral RNAs containing a tRNA-like structure (7). Especially
tRNA-specific proteins are expected to be involved. For
TYMV, such a protein has not been found. The absence of
such a protein in our RdRp preparation could explain why the
complete tRNA-like structure is not necessary for efficient
transcription in vitro.
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