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The expression of the rice tungro bacilliform virus open reading frame I was studied in transiently trans-
fected protoplasts. Expression occurs despite the presence of a long leader sequence and the absence of a
proper ATG initiation codon. Translation is initiated at an ATT codon. The efficiency of initiation in rice
protoplasts depends strongly on the mechanism by which ribosomes reach this codon. From the effects of
scanning-inhibiting structures inserted into different leader regions, it can be deduced that this mechanism is
related to the ribosome shunt described for cauliflower mosaic virus 35S RNA. The process delivers initiation-
competent ribosomes to the region downstream of the leader and is so precise that only the second of two
potential start codons only 12 nucleotides apart is recognized. The ATT codon that is used when it is present
downstream of the leader is hardly recognized as a start codon by ribosomes that reach it by scanning.

The structure of the pregenomic RNA (Fig. 1A) of the
badnavirus rice tungro bacilliform virus (RTBV) closely re-
sembles that of the caulifiower mosaic virus (CaMV) 35S
RNA. Both RNAs begin with a leader sequence that is more
than 600 nucleotides long harboring a number of short open
reading frames (SORFs). Computer-assisted RNA folding pre-
dicts strong secondary structure in these leader regions (17,
32). In both cases, the leader ends with the binding site for the
tRNA primer for reverse transcription and is followed by sev-
eral ORFs coding for all of the viral proteins. The ORFs in the
coding region are arranged tightly, avoiding long intercistronic
distances (32, 57).

Caulimoviruses use the 35S RNA as a polycistronic mRNA
(7, 26, 62; for a review, see reference 35). Translation of mul-
tiple ORFs from one mRNA is unusual in eukaryotic cells,
since the normal mode of translation initiation seems to allow
only one initiation event per RNA-bound ribosome and RNA
binding occurs almost exclusively at the capped RNA 5" end
(44, 48). Caulimoviruses employ a variety of unusual mecha-
nisms to translate their pregenomic RNA. These mechanisms
include transactivation of translation of downstream ORFs on
the polycistronic mRNA by a virus-encoded protein (7, 20, 21,
25, 26, 62, 63, 65). Another special feature is nonlinear migra-
tion of ribosomes, allowing the bypass of RNA regions in
which initiation would otherwise occur: a process that we have
called ribosome shunt (19, 22).

The ribosome shunt allows expression of the CaMV ORF
VII downstream of the long leader sequence, which contains
seven to eight SORFs. In RTBV, the corresponding ORF I is
preceded by 12 sORFs with a total of 14 ATG codons (32, 57)
(Fig. 1A). ORF 1 itself lacks an obvious translation initiation
codon (Fig. 1B) but is defined by the absence of stop codons
for 199 codons. A variety of products with unexpectedly high
apparent molecular weights have been detected with an ORF
I-specific antiserum in extracts from infected plants (31). To
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investigate how this ORF is actually expressed, we have ana-
lyzed the expression of a reporter gene fused to RTBV ORF 1
in transfected protoplasts in analogy to experiments previously
performed with CaMV (7, 18-22) and figwort mosaic virus (25,
26, 62, 63). Our results indicate that the RTBV OREF I trans-
lation is initiated at an ATT codon. The choice of the trans-
lation initiation site is determined with precision, probably by
the ribosome shunt process which transports ribosomes from
the beginning of the leader to this codon. This precise mech-
anism of ribosome delivery increases the translation efficiency
at that specific site, compared with the efficiency at identical
initiation regions that are reached by a scanning mechanism.
The presence of an ATT codon instead of an ATG codon is
crucial for virus viability.

MATERIALS AND METHODS

Construction of expression plasmids. All RTBV sequences were derived from
the sequenced infectious clone pJIIS2 (32).

Plasmids containing the CaMV 35S promoter are derivatives of pTZDH (18).
The BamHI site in the polylinker between the CaMV 35S promoter and the
CaMV polyadenylation signal was converted into a Clal site by filling in with
Klenow DNA polymerase. Between this Clal site and the PstI site, we cloned a
Clal-EcoRI fragment covering positions 7403 to 128 (through 8002/0) of the
RTBYV genome and an Xhol-PstI fragment covering the CAT coding sequence
and derived from plasmid pLC15 (17). The EcoRI and Xhol ends of the two
fragments were joined with oligodeoxynucleotides, creating the sequences shown
in Fig. 1B for pCIC-21 and pCIC-21ATG. To create CIC-12, a suitable oligode-
oxynucleotide was inserted between the BstYI and the Xhol sites of plasmid
pCIC-21 (Fig. 1B). Deletion of the leader sequence (plasmids diagrammed in
panels B and D of Fig. 5 and 6) was accomplished by digestion of pCIC derivates
with Clal and BstBI and subsequent religation. Frameshift mutations (see Fig. 3)
were introduced into pCIC-21(ATG) by filling in of either the BstBI site at
RTBV genome position 18 (plasmids with the extension Bsfi [Fig. 3]) or the
EcoRlI site at position 123 (plasmids with the extension Ecfi [Fig. 3]).

Mutations around the ORF I start codon (plasmids CIC-12A.M1 to -M6) were
introduced by first altering the BstYI site in CIC-12 to a BamHI site (CIC-
12A.M1 with the same activity as that of CIC-12A) and then by cloning of
suitable oligodeoxynucleotides between the BamHI and the Xhol sites of CIC-
12A.M1, creating the sequences shown in Fig. 5. To produce the plasmids
diagrammed in panels C and D of Fig. 5 and 6, the Xhol-to-EcoRI (site within
the chloramphenicol acetyltransferase [CAT] ORF) fragment of CIC-12A.M1 to
-M6 or CIC-21A.ATG was replaced by an XholI-EcoRI fragment derived from
pNRF10Cat (21). This fragment consists of an artificial sequence that adds 14
codons to the 5’ end of ORF I and is followed by a stop codon, an intercistronic
sequence of 70 nucleotides, and the 5’ end of the CAT ORF with its own ATG
start codon, thus creating the ORF organization shown in Fig. 1, 5, and 6.
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FIG. 1. (A) Schematic presentation of the pregenomic RNA of RTBV.
ORFs are indicated by numbered open boxes; the 5'- and 3’-untranslated regions
are indicated by thick lines. At bottom, the leader region of this RNA is shown
enlarged with the sORFs presented as numbered boxes aligned in their respec-
tive reading phases. ORF-internal ATG codons are indicated by asterisks. ORF
I is shaded, and the absence of an ATG start codon is indicated by the stippled
5’ border. The locations of the polyadenylation signal (!), a conserved sequence
element without known function (bowl), and the primer binding site for reverse
transcription (pbs) are indicated. (B) The basal structure of the expression
plasmids used, consisting of a CaMV 35S promoter, the leader sequence of the
RTBYV pregenomic RNA, and a CAT reporter ORF fused to the RTBV ORF 1.
Also shown is the sequence of the beginning of the ORF I, starting with the TAA
stop codon of the preceding SORF 11. Relevant codons are indicated by num-
bers, and potential start and stop codons are underlined with dots. Fusions to the
RTBYV sequence are appended in lowercase letters. Relevant restriction sites are
indicated in the plasmid map and (by underlining) in the sequence. The plasmid
names used in this and the following figures indicate the basal CaMV 35S
promoter-RTBV ORF I (codon 12 or 21)-CAT fusion by CIC-12 or -21, respec-
tively. Plasmids of series A and C all contain the complete leader sequence; the
leader is deleted from plasmids of series B and D. In series A and B, the CAT
OREF starts with a codon in the RTBV OREF [; in series C and D it starts with its
own ATG start codon downstream of a termination codon in RTBV ORF 1.

The mutant CIC-12A.M3-Xhfi was produced by filling in the Xhol site of
CIC-12M3 with Klenow DNA polymerase.

Construct CIC-12A.sd is a derivative of a construct which contains four addi-
tional restriction sites in the 5’ part of the leader (CIC-L™). We introduced a
HindIII site by a G-to-A mutation at genome position 7452, a BamHI site and a
Ncol site by a C-to-G mutation at position 7489 and a A-to-C mutation at
position 7494, and a Spel site by a G-to-C mutation at position 7512. These
mutations had no effect on any investigated aspect of gene expression (not
shown). An oligodeoxynucleotide which contains an AGGT-to-AAAT mutation
of the splice donor site was inserted between the BamHI and the Spel sites to
produce CIC-12A.sd.

CIC-12A.A89 is a Clal-to-BamHI deletion derivative of CIC-L™. CIC-12-St1
was produced by insertion of a palindromic oligodeoxynucleotide into the
BamHI site of CIC-L™. The same oligonucleotide, which has also been used
before to analyze ribosome migration on CaMV-derived reporter RNAs (20, 22),
was inserted into the Bg/II site in the RTBV leader (CIC-12A.St2) and into a
BamHI site in the region between the truncated ORF I and the CAT OREF in
CIC-21C to yield CIC-21C.St3.

Relevant portions of plasmid constructs were analyzed by DNA sequencing
with a Sequenase kit according to the protocols provided by the supplier (U.S.
Biochemicals).

Construction of plasmids for agroinoculation. DNA manipulations leading to
the construction of mutant clones pJIIS2-ATG698 and pJIIS2-ATG686 were
done with the full-length viral DNA clone pJIIS2 (14). Site-directed mutagenesis
was performed by using the pALTER-1 mutagenesis vector (Promega) as de-
scribed by the manufacturer. Construction of the one-and-a-bitmer clones from
the full-length constructs pJIIS2-ATG698 and pJIIS2-ATG686 into the Agrobac-
terium tumefaciens-Escherichia coli vector pBIN (5) to produce pPRTRB-ATG698
and pRTRB-ATG686, respectively, was as described by Dasgupta et al. (14).
Transfer of pPRTRB-ATG698 and pRTRB-ATG686 to Agrobacterium tumefa-
ciens A4 (14) was by electroporation (53).

Protoplast transformation and CAT assays. Protoplasts were isolated from
suspension cultures of Orychophragmus violaceus or rice (Oryza sativa cv. Nip-
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ponbare) and were transfected with equimolar amounts of circular plasmid DNA
by electroporation (O. violaceus) or by the polyethylene glycol method (rice) as
described elsewhere (15, 18). In many experiments, a B-glucuronidase (GUS)
expression plasmid was cotransfected to serve as an internal standard for trans-
fection efficiency. Routinely, about 10 ug of DNA was used to transfect either 2
X 10° (O. violaceus) or 0.6 X 10° (O. sativa) protoplasts. In cotransfection
experiments, control samples were supplemented with equal amounts of calf
thymus DNA instead of the cotransfected test plasmid. Crude protein extracts
were prepared after overnight incubation of protoplasts and were analyzed for
CAT activity as described elsewhere (18).

Agroinoculations. All agroinoculations were performed as described by Das-
gupta et al. (14).

Western blotting (immunoblotting). Proteins from infected plants were ana-
lyzed as described by Hay et al. (31).

Sequence analysis of RTBV RNA and DNA. RTBV RNA from virus-infected
rice plants was analyzed by 5’ rapid amplification of cDNA ends-PCR as de-
scribed before (2) with oligodeoxynucleotide V305 (5’ 127-AATTCAAGTTTT
TCGTAA-110 3") as the reverse transcription primer. The PCR product was gel
purified, and 0.3 pmol of the product was sequenced with 10 pmol of oligodeoxy-
nucleotide V361 (5’ 7939-GCACTAGTAGGTAACTAA-7954 3') as the primer
(36). For determination of the detection limits of sequence variants in the
original RNA preparation, different mixtures of a genomic clone of RTBV
(pJIIS2 [32]) and mutant forms of this DNA with T-to-G exchanges at positions
89 and 101 (by courtesy of L. Liu) were sequenced with primer V361.

RNase protection assays. Total RNA from transfected protoplasts was isolated
and analyzed by RNase A/T, mapping as described before (7). As an internal
standard, in all samples pC4CABB (23) was cotransfected. In this plasmid, the
CAT OREF is fused to the RTBV ORF4. The anti-sense RNA for probing was
produced by in vitro transcription by T7 RNA polymerase of a plasmid contain-
ing an EcoRI-to-PstI fragment consisting of the 216 nucleotides of the CAT
OREF, a short linker, and adjacent RTBV OREF III sequences (23). Expected
protected fragments have sizes of 299 and 350 nucleotides for spliced and
unspliced RNAs, respectively, from the internal standard and of about 222
nucleotides for ORF I fusions. RNA levels were quantified with a PhosphorIm-
ager (Molecular Dynamics).

RESULTS

RTBV ORF I RNA sequence. Viral RNA from RTBV-in-
fected rice plants was directly sequenced to determine whether
an RNA subpopulation which contains a conventional start
codon for ORF I might exist. Such RNAs might have been
produced by some kind of editing and for unknown reasons
might have been excluded from reverse transcription or pack-
aging and thus would not be represented as reverse-transcribed
viral DNA. In contrast to this speculation, the RNA sequence
was found to be identical to the DNA sequence (Fig. 2A). By
addition of traces of an RNA containing an ATG codon, it was
shown that the detection limit for an edited RNA was approx-
imately 5% in our assay (Fig. 2B). We conclude that even on
the RNA level, ORF I lacks an ATG codon that could be used
as a translational start site. The RNA sequence is also unam-
biguous in the region containing the stop codon that separates
the in-frame SORF 11 from ORF I (Fig. 2A). This excludes the
existence of any significant amount of an RNA processed to
give translational continuity with an ATG of a leader sORF.

Expression plasmids. To study the expression of RTBV
OREF I directly, we transfected protoplasts with constructs con-
taining a CAT reporter ORF fused to the viral ORF I (Fig.
1B). Transcription was controlled by the CaMV 35S promoter,
since the RTBV promoter is poorly active in the protoplast
systems used (11). Downstream of the 35S promoter, the plas-
mids contain RTBV sequences starting at a Clal site located at
RTBYV genome position 7403 (RTBV sequence numbering is
according to that of Hay et al. [32]). This position is close to the
actual transcription start site of the RTBV pregenomic RNA,
which was mapped to position 7404 or 7405 (2, 64). Numbering
of positions in the different constructs for convenience refers
to position 7404 as +1. All constructs contain the CaMV poly-
adenylation signal. The system for naming plasmids is given in
the legend to Fig. 1.

RTBV ORF I downstream of the leader sequence is ex-
pressed. To verify expression of an ORF I product, initially two
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FIG. 2. (A) Sequence analysis of RTBV RNAs from infected plants. The region encompassing the end of SORF 11 (A, stop codon) and the beginning of ORF I
is shown. The positions of the second T’s in the two ATT codons are marked according to the sequence numbering used by Hay et al., (32). (B) Sequence analysis of
mixtures of RTBV wild-type DNA and mutant DNAs. 1, wild-type DNA; 2, mixture of 95% wild-type DNA and 5% mutant DNA; 3, mixture of 90% wild-type DNA
and 10% mutant DNA; 4, DNA with ATT-to-ATG mutations in both ATT codons at the positions indicated. In lane 3G, additional bands are clearly visible at the
positions marked by arrowheads. In lane 2G, a very faint signal can still be detected.

CAT fusions were made to position +727, i.e., to codon 21 of
ORF I (counted from the stop codon of the preceding SORF
11 [Fig. 1B]). In one construct, the CAT OREF retained its own
ATG start codon (pCIC-21A.ATG; nucleotides are referred to
in their DNA form), while in the other construct, this ATG was
changed to AAG (pCIC-21A) to eliminate any potential start
codon within the reporter gene and to ensure that translation

CaMV 358

initiation at this ORF is controlled by RTBV sequences. Upon
transfection of these constructs into protoplasts from cell sus-
pensions of O. violaceus or rice (O. sativa), CAT expression
was obtained for both plasmids (Fig. 3). In rice, the expression
level of the ATG-less construct was usually approximately 10%
of that of the ATG-containing control, and in O. violaceus the
relative expression level of the ATG-less construct was around
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FIG. 3. Expression of RTBV ORF 1. The basal expression unit is shown in Fig. 1. For the different expression plasmids, only the regions surrounding the start of
OREF I, including the SORFs 11 and 12 and their derivatives, are shown enlarged. The fusions of the CAT ORF (shaded or black) either in frame or out of frame are
indicated by the positionings of the respective boxes. The presence of an ATG start codon is indicated by a strong vertical line at the 5’ end of an ORF. CAT ORFs
initiated at an ATG codon are indicated by black boxes; CAT ORFs without an ATG codon are indicated by lightly shaded boxes. The region between codons 12 and
21 of the RTBV OREF I is indicated by darker shading. Average expression levels, obtained in at least five independent transfection experiments, are shown for rice
and O. violaceus protoplasts. Expression values for CIC-12A.MS5 (see Fig. 5) were set to 100% for both systems. Standard deviations are omitted for clarity in this and
the following figures. As described in the text, values for ATG-less constructs varied by about 50% of the indicated values, whereas values for ATG-containing constructs

varied by only 20% (see Fig. 4).
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FIG. 4. Examples of the variation in relative expression levels in different
experiments. Values obtained in transfected rice protoplasts with constructs
CIC-12A M1 (no ATG), -B.M5, -C.M3, and -C.M6 (all with an ATG start codon;
see Fig. 5) relative to CIC-12A.M5 (taken as 100%) are shown. Each dot
represents an independent transfection experiment.

20%. In both protoplast systems, these relative expression lev-
els varied much more (from 2 to 30% compared with the
ATG-containing construct [Fig. 4]) than is usual in this type of
experiment (deviations of + 20% of a measured value). These
data demonstrate that ORF I is indeed expressed despite the
lack of an ATG start codon, and the great variability of ex-
pression efficiency compared with those of ATG-containing
constructs suggests a particular importance of cellular param-
eters for ORF I expression.

RTBYV OREF I is not translated by stop codon suppression. It
has been suggested that the RTBV ORF I might be expressed
by suppression of the stop codon between sORF 11 and ORF
I (Fig. 1B) (57). To test this suppression hypothesis, a frame-
shift mutation was introduced into sORF 11 (and into the
overlapping sORF 12). In the resulting plasmid pCIC-21A.AT
GBsfi (Fig. 3), sORF 12 terminates at the stop codon in frame
with ORF I. We have previously shown that a reporter ORF
linked to sORF 11 is translated much more efficiently (al-
though still at low levels) than one linked to sORF 12 (11). If
ORF I was really expressed by stop codon suppression, a sig-
nificant reduction in the level of expression should have re-
sulted. However, both mutant plasmids expressed CAT with
the same efficiency as that of the parent plasmids (Fig. 3). To
verify that the RTBV part of the fusion ORF was translated
and that translation did not initiate further downstream in the
authentic CAT coding region, a frameshift was introduced at
the connection between the RTBV-derived sequence and the
CAT OREF (pCIC-21A.Ecfi). No CAT expression was obtained
from this construct (Fig. 3). As expected, the same manipula-
tion of the ATG-containing ORF had no significant effect on
CAT expression, since the introduced ATG codon lies down-
stream of the frameshift site (pCIC-21A.ATGEcfi [Fig. 3]).
These data exclude suppression of the stop codon between
sORF 11 and ORF I as a translation mechanism for the RTBV
ORF 1. They also strongly suggest that the RTBV ORF I

J. VIROL.

sequence of the CAT fusion OREF is indeed translated. To
further delimit the ORF I region that is important for trans-
lation initiation, the ATG-less CAT ORF was fused to the 12th
codon (pCIC-12A [Fig. 1B]). Expression from pCIC-12 was
clearly detectable (Fig. 3), suggesting that the sequences be-
tween ORF I codons 12 and 21 are not absolutely required for
OREF 1 expression, although the lower level of CAT activity
obtained from pCIC-12A (compared with that for pCIC-21A)
could be indicative of a stimulating effect of these sequences.
Involvement of an ATT codon in ORF I translation. Since in
CIC-12A the CAT ORF is translated in the absence of an ATG
codon, it must be assumed that initiation occurs at a non-ATG
start codon (a codon that deviates from ATG at one position),
much as in a variety of other cases (6, 9, 10, 24, 27, 29). In the
reading phase of ORF I, two candidate non-ATG codons
(ATT at positions +686 and +698 corresponding to codons 7
and 11 of ORF I) are located near the 5’ end of ORF I (Fig.
1B). The sequence context of the ATT at +698 matches the
consensus for efficiently used start codons (6, 27, 43, 50). In
pCIC-12A, a BamHI site was introduced upstream of the first
ATT codon by a point mutation (CIC-12A.M1) and the CAT
OREF was fused to a site closely downstream of the second ATT
via an Xhol linker (Fig. 5A). The short BamHI-Xhol fragment
containing the ATT codons was replaced by suitable synthetic
oligodeoxynucleotides to introduce mutations in the ATT
codons (plasmid series A in Fig. 5A). Mutation of the ATT
codon at +686 to TTT had no effect on CAT expression
(pCIC-12A.M2), while a similar mutation of the +698 ATT
codon (pCIC-12A.M3) or deletion of this codon (pCIC-12A.
M4) caused a complete loss of CAT expression. Mutation of
the +698 ATT codon to ATG resulted in a 10- to 20-fold
increase in CAT expression (pCIC-12A.MS5). Surprisingly, a
double mutation of the +686 ATT codon to ATG and of the
+698 ATT codon to TTT (pCIC-12A.M6) did not result in
detectable CAT expression in the presence of the leader.
The ATT codon serves as an initiation codon. The most
obvious explanation for the results described above would be a
direct involvement of the +698 ATT codon in translation ini-
tiation. Alternatively, the ATT codon could be part of a signal
that promotes association of ribosomes or other scanning com-
plexes with the region downstream of the leader, similarly to an
ATG codon being required for internal ribosome entry on
picornaviral RNA (for reviews, see references 1, 39, and 42).
To discriminate between these two possibilities, a second series
of plasmids (series C, Fig. 5C) was constructed in which ORF
I was separated from the CAT ORF by the introduction of an
artificial sequence. In this series, initiation at an ORF I codon
opens only a short ORF (ORF I' [16 codons when starting at
position +698]), which is separated from the CAT ORF by an
intercistronic region of 70 nucleotides (Fig. 1B). The intercis-
tronic region does not contain any features supporting unusual
translation mechanisms (20). The CAT ORF now constitutes a
separate translation unit which is identical in all constructs.
Mutations in the ORF I parts of the constructs which interfere
with ribosome access are expected to have similar effects in
series A and C. Mutations that influence initiation at an ORF
I codon directly should result in opposite effects for the two
series, because the SORF I' in series C is expected to inhibit
scanning-related translation of a downstream ORF in a man-
ner proportional to its own translation efficiency. For instance,
a related ATG-initiated sORF inhibited scanning-dependent
downstream translation on a model RNA by a factor of two to
three (21). A similar level of inhibition would have been ex-
pected for ATG-initiated ORFs I, and a much lower one
would have been expected for ATT-initiated sORFs I'. The
results show that mutation of both ATT codons to TTT abol-
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FIG. 5. Effects of start codon mutations on ORF I expression. The effects of start codon mutations in different derivatives of plasmid CIC-12 on CAT expression
were assayed in as many as four different plasmids of series A to D and are shown as described in the legend to Fig. 2 for rice protoplasts (series A to D) and O. violaceus
protoplasts (series A and B). Rel. expr., relative expression levels. (A) ORF organization of plasmid CIC-12, as described in the legend to Fig. 1. The sequences between
the BamHI site and the Xhol site of pCIC-12 and mutant derivatives are presented, and the reading phases of the CAT ORFs are indicated. Potential start codons
are marked by filled (ATG) or empty (non-ATG) ellipses, and mutations of these codons are indicated. Nucleotides not printed are identical to those in CIC-12AM1.
Dashes indicate a three-nucleotide deletion in A.M4. In mutant CIC-12A.M3Xhfi, the reading phases of ORF I with respect to the CAT ORF were altered as indicated
by filling in of the Xhol site. (B) Plasmids with a deletion of the leader sequence, indicated as described for panel A. (C and D) Plasmids in which the CAT ORF is
opened by an ATG start codon and is separated from the ORF I translation initiation site by a stop codon, which truncates the RTBV ORF I to an sORF (I'), and
70 nucleotides of intercistronic region (see Fig. 1B). Plasmids are indicated as described for panel A.

ishes expression of the directly fused CAT OREF but leads only
to a slight reduction of unlinked CAT expression (compare in
series C mutants M1 and M3 [Fig. 5C]), indicating that the
mutation has only a small effect on the number of ribosomes
reaching this region of the mRNA but rather directly influ-
ences translation initiation at ORF 1. The mutation of the
+698 ATT codon to ATG, which caused a strong increase of
ORF I-linked CAT activity, resulted in a very low level of
unlinked CAT activity (compare mutants M5 and M1 or M3 in
Fig. 5C), suggesting that most of the ribosomes initiated at the
mutant ATG codon and were not able to reinitiate after trans-
lation of the SORF. The mutation of the +686 ATT codon to
ATG, which had no detectable influence on expression of the
linked CAT OREF, also had no effect on expression of the
unlinked CAT ORF (compare mutants M6 and M3 in Fig. 5C).

The ATG codon at position +686 apparently is not recognized
as a translation initiation codon in the presence of the com-
plete leader, although it is recognized in a leader deletion
mutant, in which it is the first ATG from the RNA 5’ end
(compare mutants M6 in the plasmid series containing [Fig. SA
and C] or lacking [Fig. 5B and D] the leader).

Taken together, these findings suggest that ribosomes reach
the region downstream of the leader at a well-defined position
located downstream of the +686 ATT codon and initiate trans-
lation at the +698 ATT codon. The efficiency of this initiation
is 5 to 10% compared with the efficiency of initiation at an
ATG codon at this position. It has been shown that non-ATG
initiation is particularly dependent on an optimal sequence
context (6, 27, 45). This is in agreement with our observations,
since the functional ATT codon has an optimal context with a
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purine (A) at position —3, a G at position +4, and an A at
position +5. With construct pCIC-12A.M3Xhfi, which was
produced from pCIC-12A.M3 by filling in of the Xhol site
between ORF I and CAT, only very low expression levels were
obtained (Fig. 5A), although in this construct four possible
non-ATG start codons were in frame with the CAT coding
region, one of them even possessing the G residue at the +4
position.

Effect of the leader sequence on ORF I expression. In the
case of a normal scanning mechanism, the particular structure
of the leader sequence of the RTBV pregenomic RNA should
cause inhibition of downstream translation. The influence of
the leader was analyzed by deleting nucleotides 1 to 620 from
plasmid series A (resulting in series B, [Fig. 5]) and from series
C (resulting in series D [Fig. 5]). Removal of the leader se-
quence indeed resulted for most constructs in an increase in
CAT expression. For instance, in protoplasts from the dicot
plant O. violaceus, this increase was 5- to 10-fold for constructs
with an ATT or an ATG start codon (Fig. SA and B; compare
AM1 and B.M1 and A.M5 and B.M5). Expression of the
ATG-less CAT OREF in the absence of the leader shows that no
spliced-in ATG codon is required for ORF I translation and
again substantiates that initiation occurs directly at the ATT
codon. In protoplasts prepared from a rice (O. sativa cv. Oc)
cell suspension culture, the effects of the leader deletion de-
pended on the particular construct. Surprisingly, in the con-
struct M1 with the natural ATT codon, deletion of the leader
resulted in a reduction of expression (A.M1 and B.M1 in Fig.
5A and B). This reduction is not due to a reduced number of
ribosomes associated with the truncated RNA, since with the
ATG-containing construct A.M5, the leader deletion leads to a
fivefold increase in CAT activity (A.M5 and B.M5 in Fig. SA
and B). In addition, with constructs C.M1 and D.M], it is
apparent that the leader deletion results in a general increase
in ATG-initiated translation in the ORF I region, although in
this case the effect is only twofold (Fig. 5C and D). These data
indicate that the leader directly affects the capacity of ribo-
somes to initiate at the ATT codon, causing a higher relative
efficiency of initiation (5 to 10% compared with that of ATG
initiation; A.M1 versus A.M5) than in the absence of the
leader (<1%; B.M1 versus B.M5). One component of this
increased efficiency is a direct effect of the ATT codon on the
number of ribosomes that overcome the inhibition by the
leader, as indicated by the only twofold inhibitory effect in
constructs with an ATT codon (C.M1 and D.M1) versus the
fivefold inhibitory effect in constructs with an ATG codon
(A.M5 and B.M5). A direct involvement of the ATT codon in
ribosome access could also be deduced from the slight reduc-
tion observed for ATT-to-TTT mutations in the constructs
C.M3 and C.M6 compared with C.M1 (Fig. 5C). A correspond-
ing effect of the ATT-to-ATG mutation in C.M5 cannot be
directly measured, since this mutation caused a strong inhibi-
tory effect on initiation downstream of the ORF I start codon
(Fig. 5C). It is evident that the inhibitory effect of the truncated
ORF I on downstream CAT expression is modulated by the
leader. In the absence of the leader, the ATG-initiated, trun-
cated ORF I has only a moderate inhibitory effect, and this is
independent of the precise location of the start codon (com-
pare mutant D.M5 or D.M6 with D.M1 [Fig. 5D]). In the
presence of the leader, the same ORF has a strong negative
effect when the start codon is at position +698 (C.M5) but has
no effect when the ATG start codon is at position +686 (C.M6
[Fig. 5C)).

We have described above that constructs with ATG-less
CAT fusions to codon 21 resulted in CAT activity levels higher
than those of fusions to codon 12 (Fig. 3; CIC-21A versus
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CIC-12A). A similar increase is also observed for ATG-con-
taining constructs (Fig. 6A; CIC-21A.ATG versus CIC-12A.
MS5). However, CAT activity may not reflect the actual protein
levels, because the different CAT proteins have different
amino termini and may therefore have different activities or
stabilities. However, series C derivatives with an ORF I-inde-
pendent CAT ORF show a very similar difference in expres-
sion (CIC-12C versus CIC-21C [Fig. 6C]), especially for the
ATG-containing constructs (CIC-12C.M5 versus CIC-21C.
ATG). In this latter case, it must be considered that the up-
stream ORFs start at different ATG codons and could thus
have a differential inhibitory effect. A positive effect is ob-
served with CAT ORFs starting upstream (CIC-12A.M1 versus
CIC-21A) and downstream (series C) of the apparently en-
hancing sequence between the ORF I codons 12 and 21, sug-
gesting that it is largely due to an increased number of ribo-
somes available for initiation rather than to a better initiation
efficiency at the respective start codons. An enhancing effect is
obtained mainly in the presence of the leader. In its absence,
only a slight positive effect on ATT-directed expression is ob-
served (CIC-12B.M1 versus CIC-21B [Fig. 6B]), while the se-
quence exhibits a rather strong negative effect in constructs
that allow the analysis of translation initiation downstream
of codon 21 (CIC-12D.M1 versus CIC-21D; CIC-12B.MS5 or
D.MS5 versus CIC-21B.ATG or D.ATG, respectively [Fig. 6]).

Analysis of ribosome migration. The results described above
indicate that the position of translation initiation at ORF I is
chosen with much precision. Initiation-competent translation
complexes completely ignore an ATG codon at position +686
(pCIC-12A.M6, Fig. SA) and recognize one at position +698
very efficiently, as shown by the almost complete absence of
translation downstream of the sORF I" in pCIC-12C.M5 (Fig.
5C). To reach ORF I, scanning complexes either have to pass
through the leader, bypass the leader in a ribosome shunt, or
bind directly to an internal RNA region. Alternatively, an
RNA species may exist from which the leader is removed by
splicing. We found no evidence for such spliced RNAs in the
direct sequencing of RTBV RNA from infected plants or by
PCR amplification of reverse transcripts of RNA from trans-
fected protoplasts (not shown). Furthermore, the splice donor
sequence in the beginning of the leader which normally is
spliced to an acceptor upstream of RTBV ORF 4 (23) could be
mutated without a negative effect on ORF I expression (CIC-
12A.sd [Fig. 7]). Therefore, we regard involvement of RNA
splicing in ORF I expression as highly unlikely. To discriminate
between the other possibilities, a stem-loop structure that had
been shown to inhibit scanning in an in vitro system (46) and in
transfected plant protoplasts (20, 22) was inserted into various
positions of the RTBV leader. Insertion at position +89, i.e.,
upstream of sORF1, resulted in complete inhibition of ORF I
expression (CIC-12A.St1). Since sequences downstream of the
stem insertion site are sufficient for normal ORF I expression
in a leader deletion mutant (CIC12A.A89 [Fig. 7] and CI-
CATACI 83 in reference 11), it is unlikely that the insertion
destroyed a specifically required sequence element. It rather
appears that this region is scanned. In contrast, insertion of the
stem structure in the center of the leader (position +470 for
CIC-12A.St2 [Fig. 7]) had no negative effect on CAT expres-
sion; it even slightly stimulated expression. Similar results were
obtained with analogous stem insertion derivatives of CIC-12C
(not shown). These data indicate that the leader region span-
ning from at least position +470 (stem insertion) to position
+686 (nonfunctional ATG codon in construct pCIC-12A. M6
[Fig. 5A]) is not scanned by ribosomes or scanning complexes
that become involved in ORF I translation.

The stem structure was also inserted into the derivative
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FIG. 6. Effect of sequences downstream of the start codon on expression. Derivatives of plasmids CIC-12 and CIC-21 are presented. ATG-containing and ATG-less
ORFs are indicated as described in the legend to Fig. 3. Strong, broken lines (in panels A and C) indicate the complete leader sequence which is deleted in panels B
and D. (A and B) CAT OREF initiated in the RTBV ORF [; (C and D) CAT OREF initiated at its own ATG start codon and separated from the ORF I by a stop codon
and a short intercistronic region. The expression data are from four or more independent transfections of rice protoplasts.

CIC-21C with unlinked CAT ORF (CIC-21C.St3) in the arti-
ficial sequence separating SORF I' and the CAT ORF. The
strong inhibition of CAT expression is indicative for ribosome
scanning through this region downstream of the ATT start
codon (Fig. 7).

Analysis of RNA levels. To exclude the possibility that the
strong alterations of CAT expression levels for different mu-
tants described above were caused by differences in transcrip-
tion or RNA stability, RNA levels were determined by RNaseA/
T, mapping relative to an internal standard. Data obtained
from two typical experiments are shown in Fig. 8. As calculated
from a number of independent experiments, RNA levels of
constructs with leader modifications and with unmodified lead-

ers (e.g., CIC-12A.M1 or C.M1) averaged at very similar levels.
Between experiments, relative levels normally varied by ap-
proximately twofold but occasionally by more. Variations are
even observed for the ratio of the two fragments generated
from the internal standard which originate from the same
primary transcript (e.g., lane CIC-21A.MS in Fig. 8). There-
fore, we regard the determination of RNA levels as less precise
and take the data only as evidence that the large variations
observed for CAT expression with different constructs are not
due to correspondingly different RNA levels. On average, con-
structs with deletion of the complete leader (series B) pro-
duced about twofold less RNA, and the construct with the
mutated splice donor sequence (CIC-12A.sd [Fig. 7]) pro-
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FIG. 7. Effect of leader modifications on ORF I expression. Expression constructs are indicated as described in the legends to Fig. 3 and 6. sd, double point
mutation, changing the AGGT context of a splice donor site to AAAT. The gap indicates a deletion in the leader, and helices indicate insertion points of a stable stem
structure. Expression values in rice protoplasts are indicated as described in the legend to Fig. 3.

duced about twofold more RNA than CIC-12A.M1. The
slightly positive effect of the leader could be explained by the
presence of a transcriptional enhancer near the beginning of
the leader which however has only a weak effect on the CaMV
35S promoter (11). The positive effect of the splice donor
mutation on RNA levels which corresponds to the effect on
CAT activity (Fig. 7) could be explained by evading splicing to
cryptic acceptor sites within or downstream of the CAT ORF
or of abortive assembly of splice complexes.

These data indicate that the strong alterations in CAT ac-
tivity levels observed with different constructs were caused
mainly by posttranscriptional effects; however, it cannot be
excluded that some of the minor changes are due to variations
of the RNA levels.

Effect of mutations of the ATT codons on RTBYV infection in
plants. Two mutations were made on agroinoculation con-
structs, one (construct pPRTRB-ATG686) changing the +686
ATT codon to ATG and the other (construct pRTRB-ATG
698) changing the +698 ATT codon to ATG. When agrobac-
teria containing these mutant constructs were injected into rice
seedlings, symptoms were observed in both treatments. Symp-
toms caused by pPRTRB-ATG698 were undistinguishable from
those obtained upon agroinfection without viral sequences
and, therefore, are caused by the inoculation procedure and
not by virus multiplication. The symptoms caused by pPRTRB-
ATG686 were more severe. Western blots with antiserum to
RTBV gene product P12 (31) revealed RTBV-specific prod-
ucts only in plants injected with pRTRB-ATG686 (Fig. 9).
PCR of total DNA extracted from these plants by using prim-
ers spanning nucleotide positions 7872 to 373 gave the ex-
pected 493-bp product only from pRTRB-ATG686-injected
plants (data not shown). Sequencing this PCR product showed
that the ATG at +686 was retained in the virus population in
the infected plant (data not shown).

DISCUSSION

The pregenomic RNA of all retroelements is used as a
template for genome amplification and also as mRNA (for
reviews, see references 34, 35, and 59). In almost all cases, this
RNA is a polycistronic mRNA from which more than one
protein is translated. This requires specific translation mecha-
nisms, since eukaryotic translation normally initiates only once
per mRNA-associated ribosome and usually only at 5" proxi-
mal ORFs (44, 48). Retroviruses use frameshifts (see reference
12 and references therein) or stop codon suppression (30) to
increase the number of proteins produced from one RNA,
while caulimoviruses encode a transactivator that apparently
induces reinitiation of translation in a relay race mechanism
and thus allows translation of multiple, consecutive ORFs from
one mRNA (7, 20, 26, 62). At first glance, the genome orga-
nization of plant badnaviruses closely resembles that of cauli-
moviruses. It has been shown by RNA mapping or can be
deduced from sequence homology that the pregenomic RNA
begins in all cases with a long, AUG-burdened leader sequence
which is followed by three or four tightly arranged ORFs (8, 28,
32, 51, 57). In RTBYV, the leader has a length of 698 nucleo-
tides and contains 12 short ORFs and in total 14 AUG codons.
According to the rules of conventional translation (44), such a
structure should be very inhibitory.

In RTBYV, translation of the first longer ORF is further
complicated by the absence of a proper ATG start codon. We
have shown here that an ATT codon downstream of the leader
is used as an initiation codon for ORF I translation. Thus far,
reports of naturally occurring deviations from ATG as the
eukaryotic translation initiation signal consist only of CTG,
ACG, and GTG. Initiation at ATT and other codons was
observed only in artificial constructs (3, 13, 24, 45, 52, 55) and
perhaps also in the () sequence of tobacco mosaic virus (dis-
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FIG. 8. RNase A/T, protection assay. RNA was isolated from rice proto-
plasts transfected with constructs as described in the legends to Fig. 5, 6, and 7.
RNA levels were compared relative to a cotransfected standard construct,
C4CABB, which contains a CAT OREF fused to the RTBV ORF IV (23). The
labelled RNA antisense probe covers 222 nucleotides (band c) of the CAT ORF
for the RTBV ORF I fusions and about 300 and 350 nucleotides (bands a and b)
of spliced and unspliced RNAs from the standard construct. Gels from two
different, representative experiments are shown. Because of differences at the
fusion site between the CAT ORF and upstream sequences, RNA from the C
series always gave rise to a double band, presumably because of a partial diges-
tion at this junction point. No specific bands are observed in a mock-transfected
control. Probe, undigested RNA; MW, size marker (Hpall-digested pBR322).
The relative expression levels of the different reporter plasmids (counts at po-
sition ¢ divided by counts at positions a and b) as determined by analysis with a
PhosphorImager are listed with the plasmid names.
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cussed in reference 58), but it is unclear whether in the latter
case a functional translation product results from this initiation
event. In prokaryotes, ATT initiation has been described for
only two genes (54, 60). In one of these, the E. coli infC gene
(coding for initiation factor 3), ATT initiation is regulated in
response to initiation factor concentration (49). It is unclear at
present whether the ATT initiation in RTBV is also subject to
a specific control mechanism. When located downstream of the
leader, expression efficiencies of between 2 and 30% relative to
corresponding ATG initiation were obtained with different
protoplast types and batches (Fig. 4). This comparatively large
variation may indicate some type of regulation by cellular pa-
rameters, as has been reported for non-ATG initiation of
translation of the c-myc 1 protein in vivo (29) and for the
general efficiency of non-ATG-prompted translation initiation
in vitro (45).

The translation efficiency of ORF I (the first viral ORF
downstream of the leader) is determined by at least two fac-
tors, both of which may vary in different cell types. One is the
general efficiency of initiation at its unusual ATT start codon in
the particular cellular environment, and the second is the ef-
ficiency of the mechanism that allows translation despite the
presence of the long leader. In the absence of this leader, ATT
initiation is less efficient in protoplasts of rice than of O. vio-
laceus; in its presence, this difference is no longer apparent
(Fig. 5), suggesting that the leader sequence positively influ-
ences ATT initiation in rice protoplasts. This is probably
achieved through the mechanism that brings ribosomes to the
respective initiation regions. From the effects of insertion of
stem structures or an additional ATG codon into different
parts of the leader, we conclude that this mechanism resembles
the ribosome shunt described for the CaMV 35S RNA. The
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shunt process transfers ribosomes or other scanning complexes
after initial scanning of only a small part of the 5'-terminal
leader region directly to an acceptor region further down-
stream (22). In the case of RTBV, skipping of the central
leader region by the shunt process is indicated by the tolerance
of a stem structure insertion at position +470 (Fig. 7). Direct
internal ribosome entry is unlikely because of the strong inhib-
itory effect of a stem structure insertion at position +89, within
a region which is otherwise not required for ORF I expression.

The putative shunt acceptor site on RTBV RNA seems to be
defined as precisely as the internal ribosome entry site on
encephalomyocarditis virus RNA. For encephalomyocarditis
virus, a clear discrimination between two ATG codons only 8
nucleotides apart is accomplished (40, 41), while for RTBV
only the downstream one of two start codons positioned 12
nucleotides apart is recognized in the presence of the leader
(Fig. 10). For RTBYV, this is not due to the less favorable
context of the first initiation codon, since ATGs at both posi-
tions are recognized with comparable efficiencies in leaderless
constructs (Fig. 5D). The almost complete inhibition of trans-
lation downstream of the shortened ATG initiated ORF I in
construct CIC-12C.M5 (Fig. 5C) additionally suggests that
most of the ribosomes arriving downstream of the leader en-
counter the start codon at position +698. This indicates that
almost all of the ribosomes either (re)enter the RNA between
positions +686 and +698 or, as a less likely alternative, be-
come initiation competent during scanning of this short region.
It appears possible that the ORF I start codon is part of the
actual shunt acceptor site. The difference between arrival of
ribosomes at the start codon by scanning versus shunt (or
internal entry) may be responsible for the altered initiation
behavior in the presence of the leader. Shunted ribosomes
might lack factors or interactions required for scanning, result-
ing in a prolonged pause at the potential initiation site and
providing more time for the formation of an initiation com-
plex. This would cause an increased initiation efficiency at
otherwise inefficient start codons similar to ribosome pausing
at suboptimal start codons due to suitably spaced downstream
secondary structures (47). If the start codon in question is an
ATG codon in good sequence context, the effect will not be
apparent at the level of the translation product; however, even
at such codons, the kinetics of initiation may be different. Such
a difference may explain the strong inhibitory effect of an
sOREF starting at the proposed shunt acceptor site on further
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FIG. 9. Detection by Western blotting of gene product P12 from RTBV ORF
I in extracts of rice inoculated with A. tumefaciens containing RTBV constructs.
Lanes: 1, Philippines isolate (field infected); 2, construct pPRTRB1162 (wild-type
virus [14]); 3, construct pPRTRB-ATG686; 4, construct pPRTRB-ATG698; 5, non-
infected rice. Molecular mass are indicated on the left (in kilodaltons). RTBV-
specific gene products migrating with a molecular mass of 12 kDa are present in
extracts of field-infected rice plants and of plants inoculated with agrobacteria
containing constructs pPRTRB1162 and pRTRB-ATG686 but not in extracts from
uninfected rice or rice inoculated with agrobacteria containing construct
pRTRB-ATG698.
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FIG. 10. Comparison of plant pararetroviral ribosome shunt and picornaviral
internal ribosome entry. RNA is indicated as capped or uncapped. Small and
large ribosomal subunits (associated with the respective translation factors) are
indicated by small and large ellipses, respectively. Pyrimidine stretches are indi-
cated by boxed Y,,, and the positions of AUG or potential non-AUG start codons
are indicated. The sequences consisting of the pyrimidine stretches and the AUG
or non-AUG codons are given, and the numbers of nucleotides separating these
elements are indicated. Underlined sequences have the potential to base pair
with the 3’ end of eukaryotic 18S rRNA, as suggested by Scheper et al. (61) for
picornaviruses. Movement of ribosomal subunits to the site of 80S ribosome
assembly is indicated by black arrows. In the literature on poliovirus and viruses
with similar internal ribosome entry sites, it has usually been assumed that the
distance between the two AUG codons is covered by scanning; however, recently
published data (33) could also be interpreted in terms of a sort of shunt mech-
anism. EMCV, encephalomyocarditis virus.

downstream translation, while the same or a very similar SORF
had only a moderate inhibitory effect when starting at sites that
are reached by scanning (Fig. 5C and D).

The process that delivers ribosomes to the end of the RTBV
RNA leader is active in protoplasts from at least two, quite
unrelated plant species, albeit with different efficiencies. It
remains to be determined which parts of the leader sequence
are required for the RTBV ribosome shunt. A preliminary
deletion analysis detected such sequences both in the 5" and in
the 3’ leader regions (11; unpublished observations). From the
data presented here, it appears that there is a region down-
stream of the ATT start codon which is not absolutely required
but which is involved in tuning the efficiency of ribosome de-
livery (Fig. 6). A positive influence of sequences downstream
of the start codon on ribosome delivery and/or initiation has
been described for a CTG initiation event on the Drosophila
E74A mRNA (9) and has also been discussed for internal
ribosome entry on picornaviral RNA (16, 42). For cardiovi-
ruses, the assumption could not be verified in in vitro transla-
tion experiments (38); however, like other features of picorna-
viral translation (1), such effects may depend on certain
cellular parameters. Mutations in the region downstream of
the internal ribosome entry site of poliovirus have a complex
and cell type-dependent influence on downstream translation;
however, in this case, the effect is not on ribosome binding but
rather on transfer of ribosomes from the entry point to the
initiation region by scanning (4, 41, 56) or, as could be con-
cluded from recently published data (33), by a shunt process in
some cell types.

We note that the supposed ribosome acceptor site of the
RTBYV pregenomic RNA resembles in part the internal ribo-
some entry site of picornaviral RNAs in containing a pyrimi-
dine stretch and a potential start codon, although the spacing
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of 17 nucleotides between the first pyrimidine and the A of the
ATT is smaller than in most picornaviruses (Fig. 10). For
CaMV, the shunt acceptor near the end of the leader has been
localized to a region between 50 and 65 nucleotides upstream
of the ATG of the first long ORF (22). This region contains a
potential non-ATG start codon in optimal downstream se-
quence context positioned downstream of a pyrimidine-rich
sequence (Fig. 10). It remains to be established whether the
structure of this element is indeed important for the CaMV
ribosome shunt.

The particular translation mechanism for RTBV ORF I did
not support a similarly efficient expression of an ORF starting
with a variety of other non-ATG codons in the respective RNA
region. It remains to be investigated whether this is due to the
slightly different positions of these alternative start codons or
to deviations from the particularly favorable sequence context
of the ORF I ATT codon. This context for the ATT codon on
the RTBV RNA and on all of our reporter constructs includes
not only the classical consensus nucleotides A and G at posi-
tions —3 and +4, respectively (44), but also the A at position
+5 which was recently shown to have a strong stimulatory
effect on initiation at non-ATG start codons (6, 27).

The proposed shunt mechanism with the shunt acceptor
between the +686 and +698 ATT codons would also explain
the infectivity results with the mutants pRTRB-ATG686 (+686
ATT—ATG) and pRTRB-ATG698 (+698 ATT—ATG). The
+686 ATG codon would be bypassed by the shunt, whereas the
+698 ATG codon would efficiently recruit ribosomes and
would strongly reduce leaky scanning beyond +698. A pecu-
liarity of the RTBV sequence suggests that the absence of a
proper start codon for ORF I, besides possibly allowing par-
ticular control mechanisms for ORF I expression, is also of
importance for the expression of the RTBV ORFs II and III.
It is notable that the 1000 nucleotides of sequence encompass-
ing the RTBV ORFs I and II contain only a single ATG codon.
This codon occurs in an unfavorable sequence context for
translation initiation and opens ORF II. Initiation at that
codon would not be much more efficient than at the ATT
codon of ORF I. Such an arrangement is suitable for a leaky
scanning mechanism for expression of the ORFs II and III.
Parallel work (to be published elsewhere) has shown that the
low initiation potential of the ORF I start codon is crucial for
expression of ORFs II and III. Mutation of the ATT codon
that we identified as the ORF I start codon to ATG not only
increased the efficiency of ORF I translation but also reduced
translation of ORFs II and III (16a). It remains to be seen
whether the effect of the mutation of the +698 ATT codon to
ATG on virus infectivity is caused by overexpression of ORF I
or by interference with expression of the downstream ORFs.
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