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The roles of the capsid protein (CP) and the CP coding sequence of tobacco etch potyvirus (TEV) in genome
amplification were analyzed. A series of frameshift-stop codon mutations that interrupted translation of the CP
coding sequence at various positions were introduced into the TEV genome. A series of 3’ deletion mutants that
lacked the CP coding sequence beyond each of the frameshift-stop codon mutations were also produced. In addi-
tion, a series of 5’ CP deletion mutants were generated. Amplification of genomes containing either frameshift-
stop codon insertions after codons 1, 59, 103, and 138 or genomes containing the corresponding 3’ deletions
of the CP coding sequence was reduced by 100- to 1,000-fold relative to that of the parental genome in inoc-
ulated protoplasts. In contrast, a mutant containing a frameshift-stop codon after CP position 189 was ampli-
fied to 27% of the level of the parental virus, but the corresponding 3’ deletion mutant lacking codons 190 to
261 was nonviable. Deletion mutants lacking CP codons 2 to 100, 2 to 150, 2 to 189, and 2 to 210 were amplified
relatively efficiently in protoplasts, but a deletion mutant lacking codons 2 to 230 was nonviable. None of the
amplification-defective frameshift-stop codon or deletion mutants was rescued in transgenic cells expressing
TEV CP, although the transgenic CP was able to rescue intercellular movement defects of replication-
competent CP mutants. Coupled with previous results, these data led to the conclusions that (i) TEV genome
amplification requires translation to a position between CP codons 138 and 189 but does not require the CP
product and (ii) the TEV CP coding sequence contains a cis-active RNA element between codons 211 and 246.
The implications of these findings on mechanisms of RNA replication and genome evolution are discussed.

The potyviruses belong to the picornavirus-like supergroup
of positive-stranded RNA viruses. The potyvirus genome is
approximately 10 kb long, with a viral protein (VPg) attached
covalently to the 5" terminus (37). The viral genome contains a
single open reading frame encoding a large polyprotein that is
proteolytically processed by three virus-encoded proteinases
(18). Mutational and biochemical analyses of several potyvi-
ruses, including tobacco etch virus (TEV) and tobacco vein
mottling virus, revealed that most of the proteins function
either directly or indirectly in genome replication (3, 24, 26, 28,
36, 44). Some proteins contribute essential enzymatic func-
tions, whereas others appear to provide accessory, replication-
enhancing functions. Only the potyvirus capsid protein (CP)
has yet to be implicated in genome replication.

The TEV CP is 263 amino acid residues long and is encoded
at the 3’ end of the polyprotein coding region between nucle-
otides 8518 and 9306 (1). Proteolytic cleavage of CP from NIb
polymerase, which is positioned adjacent to the N terminus of
CP within the polyprotein, is catalyzed by the Nla proteinase
(11). The CP has three known functions: it encapsidates
genomic RNA with a helical, flexuous, rod-shaped morphology
(39); it is required for cell-to-cell and long-distance movement
of the virus through plants (14, 15); and it is required for aphid
transmissibility (4). The core region forms the structural do-
main involved in RNA encapsidation, while the N- and C-
terminal domains are exposed on the virion surface (2, 14, 38).
TEV mutants that contain substitutions affecting conserved
residues within the core are assembly defective and unable to
move between cells (14, 15). The cell-to-cell movement func-
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tion of the core is a frans-active function, as the movement
activity of core-defective mutants can be complemented by CP
supplied in transgenic plants. The N- and C-terminal domains
are not required for virion assembly or stability. However,
mutants lacking either the N- or C-terminal domain are unable
to move long distances (leaf to leaf) through plants (14, 15).
Additionally, mutations affecting a conserved motif within the
N-terminal domain possess defects in aphid transmissibility
(4-6).

Although data on the functions of most potyvirus-encoded
proteins have accumulated, little is known about the cis-acting
RNA sequences required for genome replication, encapsida-
tion, and intercellular movement. Presumably, sequences near
the 5’ and 3’ termini of positive- and/or negative-sense RNAs
provide essential recognition signals for initiation of synthesis
of both strands, but these have yet to be characterized. During
the course of a mutational analysis to dissect activities of the
TEV CP, two distinct functions of the CP coding sequence in
genome amplification were identified. Despite the location of
the CP coding sequence at the 3’ end of the TEV open reading
frame and the noninvolvement of CP in RNA replication,
efficient genome amplification was found to require translation
through at least one-half of the CP coding region. In addition,
a cis-active RNA sequence essential for genome amplification
was identified within a 105-base region near the 3’ end of the
CP coding sequence.

MATERIALS AND METHODS

Mutagenesis of the TEV CP coding sequence. All mutations were introduced
into the TEV CP coding sequence within plasmids based on pTL7SN-SP, which
contains cDNA representing TEV nucleotides 7166 to 9495, including the 3’
poly(A) tail. This plasmid was constructed by transfer of the Sa/l-Pvull fragment
from pTEV7DA (16) into vector pTL7SN (34). To generate pTL7SN-SP3’Stu, a
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Stul restriction site (AGGCCT) was introduced by site-directed mutagenesis
(27) into pTL7SN-SP. This was accomplished by changing nucleotides 9296 and
9297 within CP codons 260 and 261 from G residues to C residues, resulting in
a Stul site in the context TTA GGC CTC (the Stul site is underlined; the
mutagenized positions are in boldface type). These mutations resulted in a
conservative amino acid change of Leu for Val at CP residue 261.

Five frameshift-stop codon insertion mutations were introduced into pTL7SN-
SP3’Stu after CP codons 1, 59, 103, 138, and 189. Each mutation resulted in the
deletion of one nucleotide, the insertion of a stop codon (TGA), and the inser-
tion of a Stul restriction site (AGGCCT). The resulting mutations were desig-
nated 1S, 59S, 103S, 138S, and 189S. Deletion mutations that eliminated the
nontranslated CP sequences beyond the frameshifted sites were generated by
removal of the Stul-Stul fragment in each of the frameshift-stop codon mutant
plasmids. These mutations were designated 1D, 59D, 103D, 138D, and 189D.

A series of deletion mutations that removed various amounts of the 5’ coding
sequence of CP in pTL7SN-SP were prepared by loop-out mutagenesis (27). The
deletions began at CP codon 2 and extended to codons 100, 150, 189, 210, and
230. The resulting mutations were designated AN100, AN150, AN189, AN210,
and AN230, respectively.

Each of the mutated CP sequences was inserted into pTEV7DAN-GUS (16)
by replacement of the homologous Sall-Bg/II restriction fragment consisting of
the sequence between nucleotide 7166 and the 3’ end of the poly(A) tail. Plasmid
pTEV7DAN-GUS contains the full-length TEV ¢cDNA and the coding sequence
for B-glucuronidase (GUS) fused in frame between the P1 and HC-Pro regions.
Virus derived by inoculation of transcripts from pTEV7DAN-GUS was termed
TEV-GUS. The presence of each mutation in the pTEV7DAN-GUS-derivatives
was confirmed by nucleotide sequence analysis.

Several wild-type sequence reversion mutants were produced. In each case, the
mutant CP sequence was subcloned from the full-length pTEV7DAN-GUS
derivative into pTL7SN-SP3’Stu by using Sa/l and BglII sites, and site-directed
mutagenesis was conducted to restore the wild-type sequence. The resulting
wild-type sequence was subcloned by inserting Bg/II and Sall sites back into the
pTEV7DAN-GUS vector from which the original mutant fragment was excised.
Each reversion mutant was designated with the suffix R after the original mutant
code. The 189AB revertant was generated by subcloning the StuI-Stul fragment
from pTL7SN-SP189S into pTEV7DAN-GUS189D. In effect, this reverted the
189D mutant back to the 189S mutant.

In vitro transcription and translation. Transcripts were produced from Bg/II-
linearized plasmids by using SP6 RNA polymerase as previously described (16).
Transcripts to be used for infectivity assays were capped with m7GpppG,
whereas transcripts used in cell-free translation experiments were noncapped. In
vitro translation was done with commercially prepared rabbit reticulocyte lysate
or wheat germ extract (Promega) in the presence of [*>S]methionine (NEN-Du
Pont). Some translation products were reacted with affinity-purified NIa protein-
ase as previously described (24, 35, 43). Radiolabeled reaction products were
resolved by discontinuous gel electrophoresis and detected by autoradiography.

Inoculation of protoplasts and plants. Three types of Nicotiana tabacum were
used in these experiments—nontransgenic Xanthi nc and Burley 49 cultivars and
transgenic Burley 49 expressing CP. The transgenic line (FL3.3) was character-
ized previously (29). For inoculation of protoplasts from greenhouse-grown
plants, synthetic transcripts from pTEV7DAN-GUS-derived plasmids were con-
centrated by precipitation with an equal volume of 4 M LiCl and resuspended in
one-fifth of the original volume of deionized water. Approximately 10 pg of
transcripts was used to inoculate 7.5 X 10° protoplasts by the polyethylene
glycol-mediated procedure (32). Protoplasts were maintained at room tempera-
ture under continuous fluorescent light. For inoculation of plants, 10 pl of the
original transcription mixture was applied manually to one or two leaves that had
been dusted with carborundum. Inoculated plants were maintained on a 16-h
light-8-h dark cycle at 21°C in a Conviron growth chamber.

Immunoblot analysis. Leaf tissue (25 mg) from plants inoculated with parental
and AN150 mutant transcripts was ground in 8 volumes of GUS lysis buffer (40
mM sodium phosphate, 10 mM EDTA, 0.1% Triton X-100, 0.1% sodium lauryl
sarcosine, 0.075% B-mercaptoethanol, pH 7.0) and clarified by centrifugation at
13,000 X g for 10 min. An aliquot from this extract was used to measure protein
concentration (10) and GUS activity (23). The remainder of the extract was
diluted with an equal volume of protein dissociation buffer (0.625 M Tris-HCl,
2% sodium dodecyl sulfate [SDS], 10% 2-mercaptoethanol, 10% glycerol, pH
6.8) and subjected to SDS-polyacrylamide gel electrophoresis (PAGE), followed
by immunoblot analysis with capsid and NIb monoclonal antibodies (19, 40).

GUS activity assays. Aliquots of inoculated protoplasts (2.5 X 10°) were
harvested at 24, 48, and 72 h postinfection (p.i.) by brief centrifugation, resus-
pended in 100 pl of GUS lysis buffer, and subjected to one freeze-thaw cycle. The
lysate was subjected to centrifugation at 13,000 X g for 10 min, and GUS activity
in the supernatant was measured. Most leaf extracts were obtained by grinding
tissue in 5 volumes of GUS lysis buffer and clarification by centrifugation.
Fluorometric GUS assays using 4-methylumbelliferyl glucuronide as the sub-
strate were conducted as previously described (23). To visualize GUS activity in
infected leaves, the colorimetric substrate 5-bromo-4-chloro-3-indolyl-B-p-glu-
curonide was allowed to infiltrate the leaves as in previous studies (16).

RNA secondary-structure predictions. Secondary-structure predictions for the
RNA sequence between TEV nucleotides 9145 and 9495 were made with the
program mFOLD (22, 46).
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FIG. 1. Diagrammatic representation of TEV-GUS, frameshift-stop codon
and 3’ deletion mutants, and relative genome amplification of mutants in pro-
toplasts. The TEV-GUS genome, with protein coding sequences indicated above,
is at the top left. The region corresponding to sequences encoding CP, part of
NIb, and the proteolytic cleavage site (Q/S) is enlarged. Positions at which
frameshift-stop codon mutations were introduced are indicated by zigzag vertical
lines. Bent horizontal lines represent sequences that were removed in the 3’
deletion mutants. Mean relative genome amplification values (= the standard
deviations) at 48 h p.i. from at least three contemporaneous inoculations of
protoplasts are shown at the right for each mutant. Protoplasts were derived
from the nontransgenic N. fabacum cv. Xanthi nc and Burley 49 (B49) and
transgenic Burley 49 line FL3.3. Amplification values were scaled relative to that
of TEV-GUS (100%). nt, nucleotides; nd, not done.

RESULTS

Frameshift-stop codon and 3’ deletion mutants. The TEV
CP coding sequence is composed of 263 codons. Two series of
mutations that each resulted in production of CPs with trun-
cated C termini were generated. Frameshift-stop codon muta-
tions (designated by the last codon translated and an S suffix)
were introduced at five positions. Deletion mutations (desig-
nated by the last codon translated and a D suffix) that lacked
the CP sequence after each of the corresponding frameshift
mutations were also prepared (Fig. 1). Pairs of mutants con-
taining the corresponding frameshift and deletion mutations
encoded a similar truncated CPs, although the deletion mutant
CPs each contained at their C termini residues 262 (Arg) and
263 (Gln), which were lacking in the frameshift mutant CPs.

The mutations were introduced first into an intermediate
plasmid that encoded a polyprotein consisting of most of NIb
and CP (Fig. 2A). To verify that the frameshift and deletion
mutant pairs encoded similar-size polyproteins, transcripts
produced from the intermediate plasmids were translated in
vitro. Polyproteins encoded by the frameshift and deletion
mutants were smaller than the polyprotein encoded by the
parental plasmid (Fig. 2B). Each of the frameshift and deletion
mutant pairs (e.g., 103S and 103D) encoded truncated polypro-
teins with the same relative electrophoretic mobility. To con-
firm that the NIb-CP cleavage site was active in each mutant
polyprotein, the translation products were subjected to treat-
ment with purified NIa proteinase. Processing was predicted to
yield a partial NIb product of the same size for parental and
mutant polyproteins but truncated CPs of various sizes for the
different mutant pairs. All of the polyproteins were susceptible
to Nla-mediated proteolysis, yielding the constant-size NIb
product and the different-size CPs (Fig. 2C). The relative mo-
bility of the truncated CP increased as the size of the deletion
increased. The truncated CPs derived from the corresponding
frameshift and deletion mutants were similar in electro-
phoretic mobility, although the 189S CP migrated slightly
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FIG. 2. In vitro synthesis and processing of polyproteins encoded by frame-
shift-stop codon and 3’ deletion mutants. (A) Diagrammatic representation of
the partial NIb-CP polyprotein encoded by parental intermediate plasmid
pTL7SN-SP3'Stu, including the position of the NIa-mediated cleavage site. (B)
Transcripts encoding parental and mutant partial NIb-CP polyproteins, as indi-
cated above each lane, were translated in a wheat germ system containing
[**S]methionine. The nonprocessed, radiolabeled polyproteins were detected by
autoradiography after SDS-PAGE. (C) Radiolabeled, in vitro-synthesized
polyproteins were treated with purified Nla proteinase and subjected to SDS-
PAGE and autoradiography. trunc., truncated.

faster than the 189D CP. This difference might have been due
to the two C-terminal residues in the 189D CP that were
lacking in the 189S CP.

The CP mutations were transferred to a full-length TEV
cDNA clone that contained the sequence for the reporter
protein, GUS. Transcripts were prepared in vitro and used to
inoculate N. tabacum cv. Xanthi nc and Burley 49 protoplasts.
Genome amplification was assayed indirectly by measuring
GUS activity at 24, 48, and 72 h p.i. Distinction between GUS
activity due to the translation of input transcripts and activity
due to amplified RNA was made possible by inoculating pro-
toplasts in parallel with transcripts from replication-defective
mutant TEV-GUS/VNN. This mutant contains substitutions
resulting in a change of the conserved Gly-347-Asp-348-Asp-
349 motif in NIb polymerase to Val-Asn-Asn (12, 28). For
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comparison, the 100% amplification level in each experiment
was based on the mean GUS activity value from parental
TEV-GUS-inoculated cells at 48 h p.i. Inoculation with each
CP mutant was repeated at least four times in parallel with
parental TEV-GUS and the VNN mutant.

The 1D, 59D, 103D, 138D, and 189D mutants were each
nonviable (Fig. 1). However, a deletion mutant (AC17) lacking
the sequence between codons 246 and 262 of CP was shown
previously to amplify as efficiently as parental TEV-GUS (Fig.
1) (15). As the 189D deletion lacked the sequence between
codons 190 and 261, it was concluded that at least part of the
sequence between codons 190 and 245 is necessary for genome
amplification. This could reflect either a requirement for the
genomic RNA in this region, a requirement for functional CP,
or the possibility that deletions spanning this region induce
genome instability. To determine if the RNA sequence per se
is required, the corresponding frameshift-stop codon mutant
series was analyzed in Xanthi nc and Burley 49 protoplasts.
Surprisingly, the 1S, 59S, 103S, and 138S mutants were ampli-
fied poorly, with GUS activity reaching only 0.1 to 0.5% of the
level of activity in TEV-GUS-infected cells (Fig. 1 and 3A).
The 189S frameshift mutant, on the other hand, was amplified
to 27% of the level of the parental virus. These data suggest
that relatively efficient genome amplification requires transla-
tion of the CP coding sequence to a position between codons
138 and 189 and that neither translation nor amino acid resi-
dues beyond position 189 are critical for amplification. They
also suggest that the amplification defect of the 189D mutant
was likely the result of disruption of an RNA sequence or
structure beyond codon 189.

To be certain that the amplification-defective phenotypes
summarized in Fig. 1 were due only to the specific CP muta-
tions introduced, the wild-type sequence was restored by site-
directed mutagenesis in several of the frameshift-stop codon
mutants, including 59S, 103S, and 138S. The modifications
yielded the 59R, 103R, and 138R restoration mutants. In each
case, restoration of the wild-type sequence restored efficient
genome amplification (Fig. 3A and data not shown). Addition-
ally, the 189D deletion mutant was modified by reintroduction
of the deleted sequence between codons 189 and 261, gener-
ating the 189AB mutant. In this case, the frameshifted se-
quence from the 189S mutant was transferred to the 189D
plasmid. Viability was restored by addition of this sequence
(Fig. 3B).

CP 5’ deletion mutants. To further investigate the possible
requirements for CP, for translation per se to a position be-
tween codons 138 and 189, and for an amplification-enhanc-
ing region of RNA near the 3’ end of the coding sequence, a
series of 5’ deletion mutants was constructed. Sequences be-
tween codons 2 and 100 (mutation termed AN100), 2 and 150
(AN150), 2 and 189 (AN189), 2 and 210 (AN210), and 2 and
230 (AN230) were deleted in the same intermediate plasmid
that was used for the frameshift and 3’ deletion mutants (Fig.
4). Transcripts were prepared from each mutagenized plasmid
and translated in vitro. As anticipated, the progressive dele-
tions resulted in translation products with progressively faster
electrophoretic mobility (Fig. SA). The susceptibility of each
NIb-CP polyprotein to cleavage by Nla proteinase was also
tested. The parental polyprotein and the AN189, AN210, and
AN230 mutant polyproteins were each processed nearly to
completion, yielding the partial NIb and CP products (Fig.
5A). Because of their small sizes, the truncated CPs from these
mutant polyproteins were not resolved on the gel. The AN100
mutant polyprotein was processed partially, while the AN150
polyprotein was resistant to proteolysis. The deletions in the
AN100 and AN150 mutants resulted in the placement of Asn
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FIG. 3. Amplification of parental and selected mutant TEV-GUS genomes
in protoplasts. (A and B) Plots of mean GUS activity values for two contempo-
raneous infections with the TEV-GUS derivatives indicated at 24, 48, and 72 h
p.i. The VNN mutant contains a debilitating mutation in the NIb sequence and
served as a replication-defective control. The 138R virus was derived by site-
directed reversion of the 138S mutation back to the wild-type sequence.

and Pro residues at the P2’ position of the NIb-CP cleavage
site, respectively. Reaction time course analysis by Dougherty
et al. (17) revealed that Asn at this position has no effect on
cleavage site utilization by Nla, although Pro at this position
has a significant inhibitory effect. The inhibited cleavage of the
AN100 and AN150 polyproteins in vitro may have been due to
poor presentation of the cleavage site specifically because of
the P2’ residue or an effect of the novel CP sequence adjacent
to the cleavage site.

Amplification of each of the 5’ deletion mutants was tested
in parallel with that of parental TEV-GUS, the VNN mutant,
and the 1D deletion mutant in Burley 49 protoplasts. The
AN100, AN150, AN189, and AN210 mutants were amplified to
levels between 10 and 90% of the level of parental TEV-GUS
(Fig. 4). Interestingly, there was no correlation between the
efficiency of Nla-mediated processing in vitro and the effi-
ciency of genome amplification. The AN150 mutant was am-
plified to levels similar to those of the AN189 and AN210
mutants and higher than that of the AN100 mutant, even
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though the AN150 NIb-CP cleavage site was processed least
efficiently in vitro. (Processing of the AN150 NIb/CP cleavage
site in vivo is addressed below.) Despite having had the short-
est sequence deleted, the AN100 mutant was amplified to a
lesser extent than were the AN150, AN189, and AN210 mu-
tants. The AN230 and 1D mutants were amplified to 0.1% of
the level of the parental virus and were indistinguishable from
the VNN mutant control. These results strongly imply that
neither the N-terminal 210 residues of CP nor the RNA se-
quence encoding the first 210 residues is necessary for rela-
tively efficient genome amplification. They also suggest that
genome amplification requires a sequence between CP codons
211 and 230.

Cell-to-cell movement defects, but not genome amplification
defects, can be complemented by CP in trans. To determine
whether the RNA amplification defects of the frameshift-stop
codon and 3’ and 5’ deletion mutants could be complemented
by CP in trans, protoplasts from nontransgenic Burley 49 and
CP-expressing transgenic Burley 49 line FL3.3 were inoculated
with transcripts from each of the mutants. The FL3.3 plants
had been shown previously to express a functional CP that
could complement cell-to-cell and long-distance movement de-
fects of mutants with modifications in CP and that could in-
corporate into virions of some mutants (14, 15). The RNA
amplification activities for all of the frameshift and deletion
mutants were virtually identical in Burley 49 and FL3.3 proto-
plasts (Fig. 1 and 4). No significant stimulation or inhibition
was detected in FL3.3 cells.

To determine if cell-to-cell movement activities of certain
frameshift or deletion mutants could be rescued by the trans-
genic CP, Burley 49 and FL3.3 plants were inoculated with
189S and AN150 mutant transcripts, as well as with TEV-GUS
transcripts as a control. Both the 189S and AN150 mutants
encoded CPs that lacked part of the core domain, which was
shown previously to be necessary for cell-to-cell movement
(14). Inoculated plants were infiltrated by the GUS colorimet-
ric substrate 5-bromo-4-chloro-3-indolyl-B-p-glucuronide at 3
days p.i., and the sizes of initial infection foci (expressed as the
number of epidermal cells across the focus diameter) were
measured microscopically. In Burley 49 plants, parental TEV-
GUS formed infection foci with a mean diameter of 7.8 cells
while the 189S and AN150 mutants were restricted to single
cells (Table 1 and Fig. 6A, C, and E). In FL3.3 plants, the sizes
of the parental TEV-GUS foci were similar to the sizes mea-
sured in Burley 49 (Table 1 and Fig. 6B). In contrast, the
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FIG. 4. Diagrammatic representation of TEV-GUS and 5’ deletion mutants
and relative genome amplification of mutants in protoplasts. The format for the
diagrams at the left is identical to that of Fig. 1. Mean relative genome ampli-
fication values (* the standard deviations) at 48 h p.i. from at least three
contemporaneous inoculations of protoplasts are shown at the right for each
mutant. Protoplasts were derived from nontransgenic N. tabacum cv. Burley 49
(B49) and transgenic Burley 49 line FL3.3. Amplification values were scaled
relative to that of TEV-GUS (100%). nt, nucleotides.
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FIG. 5. In vitro synthesis and processing of polyproteins encoded by 5’ de-
letion mutants. (A) Transcripts encoding parental and mutant NIb-partial CP
polyproteins, as indicated above the lanes, were translated in the rabbit reticu-
locyte lysate system containing [>>S]methionine. The nonprocessed (— Nla Pro-
teinase) and processed (+ Nla Proteinase) proteins were detected by autora-
diography after SDS-PAGE. (B) Immunoblot analysis of extracts from plants
infected with parental TEV-GUS or the AN150 mutant. Total SDS-solubilized
proteins from noninfected (lanes 1 and 2), parental TEV-GUS-infected (lanes 3
and 4), and mutant AN150-infected (lanes 5 and 6) plants were resolved by
SDS-PAGE and subjected to immunoblot analysis with anti-NIb monoclonal
antibodies. Samples were obtained from nontransgenic N. tabacum cv. Burley 49
(B lanes) or transgenic FL3.3 (F lanes) plants. The electrophoretic positions of
the NIb-partial CP polyprotein and NIb are indicated at the right.

cell-to-cell movement activities of the mutants were restored
partially for 189S and completely for AN150 (Table 1 and Fig.
6D and F). Long-distance movement of the mutants in Burley
49 and FL3.3 plants was also analyzed by measuring GUS
activity in leaves two nodes (+2) above the inoculated leaves at
14 days p.i. In Burley 49 plants, activity was detected in +2
leaves infected by TEV-GUS only (Table 1). In FL3.3 plants,
comparable levels of GUS activity were detected in +2 leaves
infected by TEV-GUS and the AN150 mutant, but no activity
was detected in plants inoculated with the 189S mutant. In situ
analysis of FL3.3 leaves inoculated with the 189S mutant at 19
days p.i. revealed that unlike parental TEV-GUS, no second-
ary movement or vasculature-associated spread was evident
(data not shown). These data indicate that the cell-to-cell and
long-distance movement functions of the AN150 mutant were
complemented efficiently by CP in trans but that the movement
defects of the 189S mutant were complemented to only a
limited extent.

Considering that the AN150 NIb-CP cleavage site was re-
fractory to NIa-mediated proteolysis in vitro, the relative
steady-state levels of NIb and the NIb-CP polyprotein in vivo
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were ascertained by immunoblot analysis of extracts from +2
leaves of FL3.3 plants infected by parental TEV-GUS and the
AN150 mutant. Monoclonal antibodies specific for NIb failed
to react with proteins from noninfected plants (Fig. 5B, lanes
1 and 2). Mature NIb was the predominant immunoreactive
protein in TEV-GUS-infected Burley 49 and FL3.3 plants
(lanes 3 and 4). No NIb was detected in +2 leaves of AN150
mutant-inoculated Burley 49 plants because of the cell-to-cell
movement restriction. However, two predominant forms of
NIb were detected in FL3.3 plants infected by the AN150
mutant. One migrated to a position identical to that of mature,
TEV-GUS-derived NIb. The other migrated slightly more slow-
ly and to a position consistent with a NIb-truncated CP poly-
protein. In contrast to the in vitro processing experiments, we
conclude that a limited amount of mature NIb polymerase was
generated by inefficient NIa-mediated proteolysis in AN150
mutant-infected cells. The limited amount of NIb, however,
was sufficient to support reasonably efficient genome amplifi-
cation.

DISCUSSION

Roles for the TEV CP coding sequence in genome amplifi-
cation were identified through analysis of the effects of dele-
tion and frameshift-stop codon mutations. The CP coding se-
quence appears to stimulate genome amplification through two
distinct mechanisms: the process of translation to a position
between codons 138 and 189 is necessary, and the CP coding
sequence contains one or more cis-active signals between
codons 211 and 246 (Fig. 7).

Requirement for translation but not the translation prod-
uct. The 1S, 59S, 103S, and 138S frameshift-stop codon mu-
tants were each amplified to levels that were 100- to 1,000-fold
lower than that of parental TEV-GUS. These mutants en-
coded truncated CPs but contained all of the CP coding se-
quence. We argue that the debilitating effects of premature
translational termination are due to a requirement for the
translation process to a point between codons 138 and 189
rather than to a requirement for a frans-active function of the
CP product. First, the results of the 5’ and 3’ deletion series
reveal that most of the CP is dispensable. Deletion of the CP
RNA sequence between codons 2 and 210 (AN210 mutant)
had little effect on genome amplification. This indicates not
only that the CP encoded by this region is dispensable for
amplification but that the RNA sequence between codons 2
and 210 is not necessary. This also indicates that the debilitat-
ing effects of the 1S, 595, 103S, and 138S mutations were due
to reasons other than disruption of essential cis-active control
elements required for amplification. The 189S frameshift-stop
codon mutant, which encoded a CP lacking residues 190 to

TABLE 1. Cell-to-cell and long-distance movement of
TEV-GUS and CP mutants

Cell-to-cell movement
(focus diam in no. of
Virus epidermal cells)”

Long-distance movement (GUS
activity” in +2 systemic leaves)

B49 FL3.3 B49 FL3.3

TEV-GUS 78*33 88=*4.1
189S 1204 36*15
AN150 1.0=x0 93=*31

11,625 * 8,079
00x0
00=0

17,423 = 11,947
0.0+ 0
21,146 + 5504

“ Infection focus diameter was determined by using inoculated leaves of non-
transgenic (B49) or CP-expressing transgenic (FL3.3) plants.

b GUS activity (in picomoles per minute per microgram of protein) was mea-
sured by using extracts from +2 leaves at 14 days p.i.
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FL3.3 Transgenic

FIG. 6. In situ localization of GUS activity in leaves of plants inoculated with parental TEV-GUS (A and B), mutant 189S (C and D), or mutant AN150 (E and
F) at 3 days p.i. Infections were done with two plant lines: nontransgenic N. tabacum cv. Burley 49 (B49) (A, C, and E) and transgenic FL3.3 (B, D, and F). GUS activity
(dark areas) was visualized by infiltration of tissue by the colorimetric substrate 5-bromo-4-chloro-3-indolyl-B-p-glucuronide. Bar, 200 wm.
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RNA Cis-active
Functions Translation required to codon 138-189 RNA sequence
- - T TT=== | —
B Arg29 Serl22 Argl54 Aspl98  Arg245
. Surface Core Surface
Capsid
Protein exposed exposed
Functions | *Aphid *Virion assembly *Long-distance
transmission *Cell-to-cell movement movement
*Long-distance
L movement

FIG. 7. Diagrammatic representation of CP RNA and protein functions. The
thick line represents the CP coding sequence. cis-active RNA functions are
indicated above the line. Known functions of the CP product are given below the
line. The positions coding for Arg-29 and Arg-245, which define the boundaries
of the surface-exposed N- and C-terminal domains, respectively, are shown.
Sequences coding for residues essential for both encapsidation and cell-to-cell
movement functions (Ser-122, Arg-154, and Asp-198) are also shown.

263, was amplified to approximately 27% of the level of pa-
rental TEV-GUS. Although moderately suppressed compared
with the parental virus, the 189S mutant was amplified to a
level approximately 100-fold greater than the 1S, 59S, 103S,
and 138S mutants. Second, the amplification defects of the 1S,
598, 103S, and 138S frameshift-stop codon mutants were not
rescued by CP supplied in trans by transgenic cells, even
though the transgenic CP was capable of assembly into virions
(14) and able to rescue intercellular movement defects of cer-
tain mutants. Taken together, these data strongly imply that
translation of at least the 5’ half of the CP coding sequence,
but not the CP translation product, is a prerequisite for effi-
cient genome amplification (Fig. 7). More precisely, we pro-
pose that ribosomes must simply be able to reach a critical
point between codons 138 and 189 and that the CP coding
sequence traversed on the way to this point is unnecessary.

How might the process of translation itself through a se-
quence encoding a nonessential protein be a stimulatory
event? It is likely that secondary structure of RNA within the
CP coding sequence is altered by passage of the translational
apparatus. Likewise, secondary structure of any RNA segment
that is base paired with sequences within the CP sequence
would also be disrupted. If critical cis-active sequences within
the TEV genome are present in “closed” secondary structures
with the CP coding sequence upstream of codon 189, passage
of ribosomes might activate these sequences. Activation of
sequences through movement of ribosomes or activities of the
translational apparatus has well-established precedence in pos-
itive-stranded RNA bacteriophage (8, 9). Alternatively, the
process of translation through part of the CP coding sequence
might be required for cis-preferential delivery of nascent rep-
lication proteins to a site near the genome 3’ end. Several
plant- and animal-infecting positive-strand RNA viruses have
been shown or postulated to couple genome translation and
replication (33, 42, 45), although in each of these cases, the
translation requirement was demonstrated through sequences
coding for replication proteins.

Another hypothesis to explain the CP translational require-
ment is that active association of the translational apparatus
with the 5’ half of the CP coding sequence may promote
genome stability. Recent findings concerning the mechanisms
involved in RNA-mediated (or homology-driven) resistance
against TEV in transgenic plants support this idea. Transgenic
plants expressing nontranslatable RNAs corresponding to the
TEV CP sequence can show extreme TEV-specific resistance
(30). This resistance is associated with accelerated degradation
of the transgenic CP mRNA (41). Interestingly, the degrada-
tion pathway may involve preferential targeting of sequences
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between codons 138 and 189 (21). Transgenic plants expressing
translatable TEV CP mRNA do not show extreme resistance,
but they exhibit a slow-recovery phenotype characterized by
gradual activation of the mRNA degradation process (31).
Although the specific mechanisms of recognition and turnover
of transgenic mRNAs and incoming homologous viral RNA in
resistant plants has not been defined, it is likely that the non-
translatable TEV CP gene is a more potent activator of this
cellular response. In view of these data, it seems plausible that
the mutant TEV genomes containing frameshift-stop codons
at or before codon 138 could rapidly activate a similar cellular
response to specifically degrade the nontranslatable region and
thus restrict virus amplification.

cis-active RNA sequence between CP codons 211 and 246.
The mutational analysis presented here revealed an essential
function of the CP coding sequence near the 3’ end of the open
reading frame (Fig. 7). The AN210 deletion mutant lacking CP
codons 2 to 210 was amplified relatively efficiently, whereas the
AN230 mutant lacking codons 2 to 230 was nonviable. Deletion
of codons 246 to 262 (AC17 mutant) had no effect on genome
amplification, while deletion of codons 190 to 261 (189D mu-
tant) rendered the mutant amplification defective. The ampli-
fication-defective phenotype of the 189D mutant was clearly
due to loss of the RNA sequence rather than to an effect on
translation or the truncated CP product, because the 189S
frameshift-stop codon mutant was viable. Infection of cells
expressing the CP coding sequence was insufficient to rescue
the amplification-defective genomes. These data are consistent
with the presence of an essential cis-active RNA sequence that
is no longer than 105 nucleotides, with a 5’ boundary down-
stream of codon 210 and a 3’ boundary upstream of codon 246.

This sequence may interact directly or indirectly with other
cis or trans factors involved in genome amplification or may
promote stability of the viral genome. cis-active sequences
generally occur near the 5’ or 3’ ends of RNAs of positive-
strand viruses. Internal cis-active sequences are not uncom-
mon, however, as has been demonstrated for several viruses,
including brome mosaic virus (20) and flock house virus (7),
and in defective-interfering RNAs associated with some vi-
ruses (13, 25).

The cis-active function of the CP coding sequence may in-
volve specific primary, secondary, or tertiary structures. In the
sequence between nucleotides 9145 (CP codon 210) and 9495
[3" terminus plus poly(A) tail], secondary-structure predictions
based on free-energy minimization principles (22, 46) revealed
a series of potential stem-loop structures. The two lowest-free-
energy structures, fold A (—89.3 kcal [1 cal = 4.184 J]/mol) and
fold B (—85.1 kcal/mol), are shown in Fig. 8. In each predicted
structure, the 3’-terminal 150 nucleotides folded into two stem-
loop structures, each containing several bulges and short loops.
The cis-active sequence between codons 211 and 245 (Fig. §,
boldface type) was predicted to have an extended stem-loop
structure containing a perfect 9-bp stem at the base. Sequences
flanking this stem were predicted to base pair with extended
sequences within the 3’ noncoding region, resulting in forma-
tion of a hammerhead-like structure. The 3’ noncoding se-
quences contributing to the base-paired region of the hammer-
head differed in the two folds. The nonessential sequence
between codons 246 and 262 (Fig. 8, lowercase type) was pre-
dicted to form two imperfect stem-loop structures. Deletion of
these sequences, as in the viable AC17 mutant, was predicted
not to disrupt the proposed hammerhead-like structure of ei-
ther fold. Although direct biochemical data are not available to
support or reject either structure, limited genetic data are
consistent with some predictions of fold B. Insertion of either
of two 12-nucleotide sequences immediately to the 5’ side of



4377

ROLE OF TEV CP SEQUENCE IN GENOME AMPLIFICATION

VoL. 70, 1996

aw - uSa av - gSa
g UUeE acu u y UUGe ACU v
GAUC UGG G GAUC UGG G
ve A UG ve A UG
Gc G c
A a A a
- A - A
- c - c
ce cG
AU AU
A @ A @
A @ P
- ¢ -
ce ce
AU AU
Ua U A
ec Gc
nmoro AU AU
cG ce
A @ G e Gc
aon o € Ua Ua
codon C G cG codon mn nr
30 210 G € G A . 210
Anp AUAU ARAU U G -A ca gSg , U e c
Aaa,, 5 GC  GAAAGC GAAGACAC UG ACGG caca ¢ 5~ ...GCGA --c MU GCGMGA A oca 39
caca
Ban, ce  CUUUCG UTUCUGUG ac ugee gugn @ - GGGAGGCG  AUAUGCA  GAAR
U ---C - u aa aa a_c >>> CCUUuUCGU UGUGCGU [es82610) GUGAC ugce  gugu a
A coo- uaa U U c G U ¢ g Anp G vue [ TG a aa a_c
¢ CCUCG  GUC  UUC CCUA GUAGUG GA v g2 Pan, e a g
GGAGU  CAG AAG GGAU CAUUAC CUGAUUA U Ua A e uwma U U o T c
U GaAA C-—- C U U U A c oo U _
U A e o CCUCG  GUC  UUC CCUA GUAGUG GA o u
ce c GGAGU  CAG AAG GGAU CAUUAC CUGAUUA U cg
u - a u GARA C-- C u U UA gc
G C c U A c a
c_y U v u co G c wa a
U A a -
AU - u ¢y _sc,
AU u AU gc
UG a U A u
u- v - AU ¢¥%a
U A
g AU a u
Ua g . UG u
2y =, - — =Insertions not Uy aY
Ay u tolerated ua
AU U a
Fold A (-89.3 kcal) Ua . AU Fold B (-85.1 kcal)
v Ty Bold = Essential ua
co AU
av, sequence va
- U U
- v . ¢ G
A lower case= Nonessential AU,
GcC - v
ec sequence U
U A i)
AU _ GC
2y [UGA| = Stop codon 50
GC U A
Ua AU
v ¢ au
G A GC
i) v A
GU v ¢
UG ¢ A
UG UG
cG GU
Ua UG
GC UG
¢ U ca
U U A
Gc
¢ U

u

FIG. 8. Secondary-structure predictions of the 3'-terminal 351 nucleotides of the TEV genome. Fold A and fold B were the two lowest-free-energy structures calculated with the program mFOLD.
The essential cis-active sequence identified between CP codons 211 and 245 is in boldface type. The nonessential sequence between CP codons 246 and 262 is in lowercase type. The position at which
oligonucleotide insertions render the TEV genome nonviable is indicated by the arrows.
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the translational stop codon (Fig. 8, arrow) rendered the ge-
nome nonviable (data not shown). In fold A, this position
occurs in a stem-loop that involves a nonessential sequence,
while in fold B, it occurs in a stem that involves the cis-active
sequence. Insertions are predicted to destabilize this putative
fold B stem. If this secondary structure is critical, it would
explain the requirement for the cis-active CP coding sequence
and the inactivating effects of the 12-nucleotide insertions.

Implications for genome stability and evolution. The re-
quirements for translation through at least one-half of the CP
coding sequence and for the 3'-proximal cis-active sequence
have significant ramifications for the maintenance and evolu-
tion of the replicating virus population. Nearly all spontane-
ously arising mutant genomes that fail to maintain an intact
open reading frame would be lost from the replicating pool.
Likewise, any deletion mutant genomes lacking the 3'-proxi-
mal cis-active sequence within the CP coding region would
be lost from the replicating population. These constraints
would limit the types of genomes that could be sustained as
defective-interfering RNAs. Unlike many other positive- and
negative-strand RNA viruses, defective-interfering RNAs from
potyvirus genomes have never been documented. Novak and
Kirkegaard (33) postulated that defective poliovirus genomes
carrying inactivating mutations in sequences coding for cis-
preferential replication proteins would fail to be propagated
in the presence of replication-competent helper viruses. Such
mechanisms to ensure that RNA genomes maintain intact open
reading frames and encode only functional replication proteins
may provide a powerful stabilizing effect on a virus quasispe-
cies population.
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