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Translation of the Second Gene of Peanut Clump Virus RNA 2 Occurs by
Leaky Scanning /n Vitro
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The two 5'-proximal open reading frames of peanut clump virus RNA 2, which encode the coat protein of 23 kDa and a
protein of 39 kDa (P39), are both translated /n vitro from genomic RNA 2. We have studied the translational strategy involved
in the initiation at the second AUG of RNA 2, which is the initiation codon of P39. Mutation experiments with synthetic
transcripts corresponding to the 5'-half of RNA 2 ruled out mechanisms of P39 translation initiation involving termination—
reinitiation and internal ribosomes entry. The results were consistent, however, with a leaky scanning mechanism for P39
initiation, in which about one-third of the ribosomes fail to initiate translation of coat protein and scan along the template
to initiate translation at the AUG of the P39 gene, more than 1000 residues in from the 5'-terminus of the RNA 2. @ 1995
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INTRODUCTION

Peanut clump virus (PCV) is a rod-shaped soil-borne
virus, probably transmitted by the plasmodiophoromy-
cete fungus Polymyxa graminis (Thouvenel and Fauquet,
1981} and which has been classified as a furovirus (Brunt,
1991). The viral genome is composed of two plus-strand
RNA molecules whose complete nucleotide sequences
have recently been determined {Manohar et al, 1993;
Herzog et al, 1994). PCV RNA 2 contains five open read-
ing frames {ORFs) (Fig. 1A). The 5'-proximal ORF en-
cades the viral coat protein (P23). The second ORF en-
codes a 39-kDa protein (P39). The three following ORFs,
coding for proteing with molécular weights of 51, 14, and
17 kDa, show homology to the triple gene block proteins,
which are known 1o be involved in cell-to-cell movemnent
in a number of rod-shaped plant viruses {Morozov &t &,
1989, 1991; Petty et al, 1990; Beck et g/, 1991; Gilmer
et al., 1992).

In the two other furoviruses for which sequence infor-
maticn is available, beet necrotic vellow vein virus
(BNYW) and soil-borne wheat mosaic virug (SBWMW),
the coat protein is encoded by the 5'-proximal gene of
RNA 2 (Bouzoubaa et al, 1986, Shirako and Wilson,
1893). In both BNYWV and SBWMV, the coat protein cis-
tron is immediately followed by a long in-frame ORF
which is expressed by translational readthrough of the
coat protein cistron termination codon to produce a
‘readthrough protein® {Ziegter et af, 1985; Schmitt et al,
1992; Shirako and Wilson, 1993). In the case of BNYWV,
the readthreugh protein has been shown to be incorpec-
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rated into virions as a minor component (Haeberlé et al,
1994) and to be essential for vector ransmission (Ta-
mada and Kusume, 1991). The P39 ORF of PCV, on the
other hand, is not in the same reading frame as the
upstream coat protein cistron and so myst be expressed
by a mechanism other than translational readthrough.

The &5'-noncading region of PCV RNA 2 is 390 nucleo-
tides and the first potential initiation codon, AUG(391-
393), marks the beginning of the coat protein (P23} ORF.
Remarkably, there are no other AUG triplets in the se-
quence until AUG(1011-1013), which is the putative site
of initiation of P39 translation and which overlaps the
termination codon of the P23 ORF. . . AUGA . . . (termi-
nation codon is underlined and AUG{(1011-1013} is in
bold).

According to the generally accepted model for transia-
tion of eucaryotic messenger RNAs (Kozak, 1978), the
initiation cedon for protein synthesis is selected by the
408 ribosomal subunit as it scans the RNA beginning at
the 5’-end. In most cases, initiation occurs at the first
AUG encountered on the sequence but initiation can also
oceur at downstream initiation codons if the first AUG is
in an unfavorable context for translation initiation {"leaky
scanning”} {Kozak, 1989). Internal initiation codons may
also become accessible if, after termination of translation
of the preceding cistron, some of the ribosomes remain
associated with the messenger RNA and continue scan-
ning until ancther AUG is encountered (“termination—re-
initiation”} {Kozak, 1989). Finally, a third mechanism in
which ribosomes may access internal initiation codons
is to bind directly 1o the messenger RNA at a sequence
near the internal start codon (“internal ribosome entry”).
Internal ribosome entry has been most extensively stud-
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ied for picornaviruses (Pelletier and Sonenberg, 1988)
but has also been reported for other viral and cellular
RNAs (Carrington and Freed, 1990; Thomas et af, 1991;
Verver et al, 1991; Macejak and Sarnow, 1991; Ch et a/,
1962),

In arder to determine the most likely mechanism for
expression of P39, we have cioned a cDNA fragment
containing the first two cistrons of PCV RNA 2 and per-
formed /n vitro translation experiments on synthetic tran-
scripts carrying the wild-type or various mutated se-
quences. Our results indicate that translation of P39 is
initiated jn vitro by a leaky scanning mechanism.

MATERIALS AND METHODS
Virus and viral RNA

Purification of PCV isolate PCV2 from systemically in-
fected Nicotiana benthamiana leaves and extraction of
viral RNA was as described by Manohar st al. {1993).

Construction of plasmids pPC2-2223 and pPC2

The plasmid pPC2-2223 was prepared by insertion of
a DNA fragment prepared by the polymerase chain reac-
tion and containing nucleotides 1-2223 of PCV RNA 2
between the BamHl and Hindlll restriction sites of
pUC18. The insert is flanked at the 5'-end by a BamH!
restriction site followed by a bacteriophage 77 promoter
sequence and at the 3'-end by the Hindlil restriction site
{Manchar et af, 1993).

The ptasmid pPC?Z, the construction of which will be
described elsewhere, is a pUC18 derivative containing
full-length PCV RNA 2 ¢cDNA with plus-stranded RNA syn-
thesis under control of a bacteriophage T7 RNA polymer-
ase promoter. The cDNA insert has an 80-residue poly(A)
tail at its 3'-end and the promoter—cDNA—poly{A) cas-
sette is flanked by BamHI| and Hindlll restriction sites.

Oligonucleotide site-directed mutagenesis

The BamHI-Hind!ll cDNA insert of pPC2-2223 was
recloned between the BamH| and Hindll! sites of pBS(-)
and oligonuclectide-directed mutagenesis was per-
formed on single-stranded phagemid DNA (Kunkel et af,
1987} 10 produce mutants pBPC2-2223b,, pBPC2-2223b,,
2ZMAUGS, 2MAUGW.S, 2MAUGA.S, ZMAUG +1, ZMAUG
+2, and 2MAUG +3. For pBPC2-2223b, or pBPC2-
2223hb,, medification of nucleotides 49 and 51 or 979,
980, and 982 in the RNA 2 sequence introduced a Bgill
restriction site at position 46 or 979, respectively. Clones
containing the desired mutations were identified by se-
quence analysis and the BamHI—HindlIl fragment car-
rying the cDNA insert was cloned between the BamH|
and Hindlll sites of pUC18. In each construct, the se-
guence in the vicinity of the mutation, the T7 promoter,
and the initiation codong were verified by sequence anal-
ysis (Sanger et al, 1977).

Construction of deletion mutants 2MA172 and
2MAZ21

ZMAT72. After digestion of pPC2-2223h, with BstEll
and Bgill, a 172-bp fragment (nucleotides 808—-979) was
removed. The remaining 4.7-kb DNA fragment was iso-
lated, and protruding ends were filled in by treatment
with the Klenow fragment of DNA polymerase | from
Escherichia coli and ligated with T4 DNA ligase.

2MAZT. pPC2-2223b, was digested with Bgill and
Apall. Bg/li cleaves at nuclectide 983 of the insert and
Apall cuts at nuclectide 1004 of the insert and at three
sites in the vector. The two fragments containing, respec-
tively, vector sequences plus the 5'-terminal portion of
the insert up to the insert Bg/ll site and vector sequences
plus the 3'-terminal portion of the insert starting from the
insert Apal.| site were purified and protruding exiremities
were filied in. The first fragment was then digested with
BamH| and the second fragment with Hindlll. The insert-
containing fragments were purified in gach case and
inserted into BamHI-Hindlli-digested pUC18 by three-
point ligation. In the resulting construct (2MA21), insert
nucleotides 984—1004 have been deleted.

Construction of mutant plasmids 2MUGA?2 and
2MUGAS3

2ZMUGAZ. After digestion of pPC2-2223 by Aval, which
cleaves once in the vector DNA and once in the insert
at nucleotide 635, the protruding ends of the two resulting
fragments were filled in with Klenow fragment of DNA
polymerase | from E. cofi and religated. This resulted in
the insertion of four nucleotides between nuclectides
635 and 636 and produced a frameshift so that the ORF
terminated at UAA(642-644) instead of UGAN012-
1014}

ZMUGA3Z. A 4-base insertion between nuclectides 979
and 980 was obtained by digesting pPC2-2223b, with
Bgill, filling in the protruding ends, and religating. This
mutation extended the first ORF in the same frame as
the second ORF.

Construction of 2Mhp, 2Mc¢s1, and 2Mcs2

pPC2-2223b, was linearized by Bg#l, dephosphory-
lated. and used as an acceptor for the introduction of
two phosphorylated oligocnucleotides, 5'-P-GATCCC-
ACCACGGECCCA-3" and b'-P-GATCTGGGCCGT-
GGTGG-3'. The sequences of these oligonuclectides are
complementary 1o each other over 13 bp; the unpaired
terminal sequences allow insertion into the Bg/ll site of
the acceptor DNA. Ligation of the oligonucleotides was
performed as described by Kozak {1986b}. Clones con-
taining the two oligonucleotides in the complementary
orientation (2Mhp), one copy of one of the cligonucieo-
tides {2Mcs1), or two copies of the same oligonucleotide
(2Mcs2) were identified by sequence analysis using a
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kit {United States Biochemical Corp.) containing 7-deaza-
dGTP.

In vitro transcription

Run-off transcripts were synthesized in vitro using T7
RNA polymerase (Greif et a/, 1990) from Hindli-linear-
ized pPC2, pPC2-2223, and its various mutant derivatives.
The resulting transcripts cantain one extra G residue at
the B’-end compared to wild-lype virai RNA. For prepara-
tion of capped transcripts the initial concentration of GTP
was reduced from 500 to 50 uM, and 500 uM m’GpppG
{Pharmacia} was added ta the medium. The amount and
integrity of the synthesized transcripts were evaluated
by formaldehyde-agarose gel electrophoresis {Gustaf-
son et af, 1982}

Cell-free translation

Transcripts were translated in the rabbit reticulocyte
lysate (0.1 ug of transcript/10 ul of translation medium)
as described by Hemmer ef al. {1989) except that [3)-
methionine was replaced by [*H]leugine because of the
low methionine content of P23, Potassium {100 mM) and
magnesium {480 puM) concentrations were adjusted to
obtain maximal amounts of full-length products. In some
experiments, edeine (10 pg/mi) {Calbiochem) was added
at various times after the start of incubation to prevent
de novo transtation initiation.

in vitro translation was also performed in the transcrip-
tion—translation-coupled reticulocyte lysate system
{TNT; Promega) as described by the supplier. 0.1 ug
of circular DNA was introduced into 5 ul of incubation
medium.

Transiations were carried out at 30° and products ana-
lyzed by 3DS-PAGE {Laemmli, 1970). Gels were fluoro-
graphed with EN*HANGE (Dupont NEN) and visualized
by autoradiography of the dried gel. For quantification,
autoradiograms were scanned at 560 nm using a Shi-
madzu T3I000 densitorneter (Shimadzu Corp.). Different
exposures of the same gel were used 1o evaluate the
relative intensity of the bands, i.e., the relative radicactiv-
ity incorporated into the synthasized proteins after nor-
malization of the leucine content for each protein.

RESULTS
Analysis of PCV RNA translation kinetics

The genome organization of PCV RNAs 1 and 2 is
illustrated in Fig. 1A. When PCV viral RNA was translated
for 90 min in a rabbit reticulocyte lysate, four major trans-
tation products were observed (Fig. 1B, lane ). The two
fasiest migrating proteins correspond to P23 {CP) and
P39, encoded by RNA 2 {see below). The two larger pro-
teins, P131 and P191, correspond to the predicted trans-
lation products of RNA 1, P191 being produced by read-
through of the P131 translation termination codon {(Mano-

har et g/, 1993; Herzog et al, 1994). A time-course study
of the translation of the PCV RNAs showed that the order
of appearance of the four major products was correlated
with their size; i.e., P23, P39, P131, and P191 first ap-
peared, respectively, after 5, 10, 20, and 40 min of incuba-
tion (Fig. 1B, lanes a, b, ¢, and d). When accymutation of
the products was maximal, at about 80 min, the relative
molar amounts of P131 and P191 were typically about
4:1 and the relative molar amounts of P23 10 P38 were
about 2:1 {Fig. 1B, lane &).

In order to follow the kinetics of initiation of transiation
products, the translation reaction medium was suppie-
mented with edeine 5, 10, or 20 min after the start of
in vitro translation to block further initiation and then
incubated for an additional 90 min 1o allow completion
of nascent polypeptide chains, As shown in Fig. 1B, lanes
g and h, synthesis of both P23 and P131 was initiated
within the first 5 min of /n vitro translation, although, as
expected in view of their size, full-length chains of P131
were visible only when elongation was allowed to con-
tinue for an additional 90 min. P181, on the other hand,
was detectable only when translation was aliowed to
proceed for at least 10 min before addition of edeine
(Fig. 1B, fanes j and ). Since P131 and P191 are believed
to have the same N-terminus, the failure to detect the
readthrough productin lane h is probably a consequence
of its lower relative accumulation compared to P131.
Note that, after 90 min of incubaticn, the relative amounts
of radicactivity incorporated in P131 and P191 were simi-
tar whether or not edeine was present in the medium
(Fig. 1B, lanes j, |, and 1). Like P191, P39 was not detect-
able when edeine was added 1o the medium after 5 min.
But in this case, the amount of radicactivity incorporated
in P39 relative to that incorporated in P23 (after 90 min
of incubation) was significantly lower when edeine was
added than when edeine was absent (Fig. 1B, compare
lanes |, |, and f). It appears therefore that addition of
edeine after & few minutes of incubaticn inhibits initiation
of P38. This suggests that imtiation of P39 translation is
delayed relative to that of P23.

P23 {CP) and P39 expression from synthetic
transcripts

To facilitate investigation of the mechanism of expres-
sion of P38, we placed a bacteriophage T7 RNA polymer-
ase promoter upstream of a ¢cDNA corrasponding to the
5'-proximat 2223 nucleotides of RNA 2 (pPC2-2223) (Fig.
2). The coding capacity of this plasmid was studied gither
by intreducing it directly into a coupled transcription—
translation system (TNT System) or by translating capped
ot uncapped transcripts prepared from the Hindlll-linear-
ized plasmid in reticulocyte lysate. As shown in Fig. 3,
P23 and P39 were synthesized in both the TNT systern
(Fig. 3, lape a) and the transcript-primed lysate (Fig. 3,
lanas ¢ and d) in amounts comparable to those cbserved
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FIG. 1. {A) Genome crganization of PGV RNAs 1 and 2. The boxes represent ORFs and the arrows the 1wo translation products of RNA 1. {B) In
vitro translation of PCV RNA 1 and 2. PCV RNA was incubated in a rabbit reticulocyte tysate in pregence of [*H]leucine. The medium contzined no
edeine {a—{) or was supplementad with edeine (10 ug/ml} at 5 min {g—h}, at 10 min {i—j}, or at 20 min {k-1) after the start of incubation. Samples
were analyzed after the indicated time of incubation by 8% SDS-PAGE and products were detected by fluorography. Pasition of synthesized products

and their M, are indicated.

with wild-type RNA {Fig. 3, lane b). This finding rules out
the possibility that an undetected subgenomic RNA in
the viral RNA preparation was responsible for synthesis
of P39 (Figs. 1B and 3, lane b). The fact that similar
translation patterns were observed with pPC2 and pPC2-
2223 transcripts {Fig. 3) indicates that 5'-distal se-
guences on the full-length RNA are not required for trans-
lation of P23’ and P39. The arigin of the two bands of M,
evaluated at 58 and 60 kDa, visible after translation of
full-length RNA 2 (Fig. 3, lanes b and 1), is unknown.
The relative accumulation of P23 and P39 in this and
in the following experiments was evaluated by scanning
the corresponding bands in the autcradiogram. After nor-
malization of leucine content for each protein, the relative
efficiency of initiation at the first and the second AUG
was expressed as the ratio of radicactivity incorperated
into P23 or P39, respectively, divided by the amount of
radioactivity incorporated into both proteins. When tran-
scripts were translated in the reticulocyte lysate, 20—-30%
of the initiation events occurred at the second AUG when
either full-length transcript or 3’-truncated transcript was
used as template and regardless of whether the tran-
script was capped (Fig. 3, lanes ¢, d, e, and f). Slightly
more efficient translation initiation at the second AUG
{30—40%) was consistently observed in the coupled tran-
scription—translation system (Fig. 3, lane a). This differ-
ence may reflect the superior integrity of the template in
the coupled system where, during translation, the ribo-

somes are thought 10 closely follow the bacteriophage
T7 polymerase on the nascent RNA strand.

Initiation at AUG(1011~1013) does not require prior
termination at the neighboring termination codon

The manner in which the P39 initiation codon (1011~
1013} is embedded within the UGA termination codon of
the P23 ORF raises the possibility that ribosomes which
terminate translation of P23 (CP) remain attached to the
mRNA and reinitiate at the proximal AUG (termination—
reinitiation mechanism) (Peabody and Berg, 1986). To
determine if termination of translation at UGA{1012-
1014) is a prerequisite for initiation of P39 synthesis,
four mutant plasmids were constructed in which the stop
codon of P23 was eliminated or displaced in different
ways (Fig. 2).

In 2MAAUG, the P23 initiation codon, AUG{391-383),
was eliminated. In mutant 2MUGA1, a point mutation
changed UGA{1012—1014} to UGG. This extends the P23
ORF by 15 amino acids. in mutants 2MUGAZ and
2MUGA3, 4 nucleotides were inserted after nuclectides
635 and 979, respectively, to produce frameshifts. In
2MUGAZ2, the frameshiit results in appearance of an in-
frame stop codon at nucleotide 642, to give a predicted
truncated translation product of 9.3 kDa, while in
2MUGAS3 the P23 ORF is fused to the P39 ORF 1o give a
predicted preduct of 62 kDa (P82).

Coupled transcription—translation of the various mu-
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FIG. 2. Effect of different mutations introduced in the P23 {CP) gene cn the expression efficiency of P39. Schematic representation of the cDNA
clone pPC2-2223 containing the first two ORFs of PCV RNA 2 and of transcripts obtained from the wild-type clone or from different mutants. For
pPC2-2223, relevant enzyme restriction sites are indicated and the T7 promoter is represented as a black square. Nucleotides are numbered
according to wild-type PCY RNA 2, although the transcripts contain an extra G residue at their 5"-end. The values given at the right correspond to
the relative yield of P39 synthesized in the TNT system and in the reticulocyte lysate, calculated as described in the text. N¢, not calculated; ND,

not done.

tants {Fig. 4A} or translation of uncapped transcripis in
the reticulocyte lysate (Fig. 4B} gave similar results. P39
was produced from 2MAAUG although P23 was not syn-
thesized (Fig. 4). A modified CP of about 25 kDa was
produced frcm 2MUGA1 and a product of 62 kDa, the
size predicted for the P23-P39 fusion protein, was pro-
duced from 2MUGA3. In both cases, P39 was efficiently
synthesized (Fig. 4), with yields comparable to those of
the wild-type for 2ZMUGAT and even in relatively higher
amounts from 2MUGA3 (Fig. 2). P39 was produced from

2MUGA2 (Fig. 4). The predicted 9.3-kDa species corre-
sponding to the truncated CP was not detected, however,
because of its small size.

The fact that all of the above mutants produce abun-
dant quantities of P39 argues strongly that translation
termination at the UGA neighboring the P33 initiation
codon is not required for efficient Initiation. It may be
argued that, in mutant 2MUGAT1, ribosomes could scan
backward 46 nucleotides after termination (Peabody and
Berg, 19886) and reinitiate transiation of P39 at the up-
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FIG. 3. In vitro wranslation of PCV RNA and of wranscripts from pPC2-
2223 and from pPG2. pPC2-2223 was translated in the TNT system (a).
PCV RNA (b} and capped or uncapped transcripts of pPC2-2223 (c, d)
and of pPC2 (e, f) were translated in the rabbit reticulocyie lysate.
Preducts synthesized after 60 min of ingubation at 30° in the presence
of [*H]leucine were analyzed by 12% SDS—PAGE and detected by fluo-
rography. Sizes are indicated on the left. Positions of translation prod-
ucts are indicated at the right. The pair of faint bands (*) correspond
1o protaing of M, 58 and 80 kDa, discussed in the text.

stream AUG, but such backward scanning does not seem
plausible for 2MUGAZ, in which the termination codon
of the P23—P39 fusion product is 1099 residues down-
stream of the P39 initiation codon.

Initiation at AUG({1011-1013} does not require a
specific upstream sequence

The above experiments do not eliminate the possibility
that translation of P39 could occur via an internal initia-
tion mechanism similar to that described for picornavi-

N T e, S TR
PP LT D
-] — P62 ] — P62
— e P30 —P39
= 4 _P25
B -
A B

FIG. 4. Expression of P39 from transcripts of mutants 2MAAUG,
2MUGA1, 2MUGA2, and 2MUGA3. Praducts obtained by translation in
the TNT system {A) or in reticulocyte lysate {B) were analyzed as de-
scribed in Fig. 3.

R ————

P2}y P22

| —P17

FIG. 5. Effect of deletions upstream of AUG{1011-1013) on transla-
tion of P39. Translation of transcripts 2MA21 and 2MA172 was carried
out for B0 min at 30° in the rabbit reticulocyte lysate. Translation prod-
ucts were analyzed as described in Fig. 3.

ruses (Pelletier and Sonenberg, 1988; Herman, 1983). To
test this possibility, two deletion mutants were con-
structed to remove possible internal ribosome entry sites
upstream of AUG{1011-1013} {Fig. 2}. In 2MA21, a small
deletion of 21 nucleotides was introduced 6 nucieotides
upstream of AUG{1011-1013). In 2ZMA172, a deletion of
172 nucleotides betweean positions 808 and 979 deleted
58 amino acids of P23 and also produced a frameshift so
that the P23 was extended by 10 amino acids in another
reading frame at its C-terminus. As shown in Fig. 5, simi-
lar amounts of P39 were produced by the mutants and
the wild-type transcripts, indicating that no particular se-
guence upstream of AUG(1011-1013) serves as a “ribo-
somal landing pad" {Pelletier and Sonenberg, 1988) for
intarnal translation initiation at this AUG.

Evidence for leaky scanning

The optimal sequence context for efficient translation
initiation at an AUG of an eukaryctic messenger RNA is
A/GCCAUGG (Kozak, 1984, 1986c), with the purines in
the —3 and +4 positicns being of particular impertance
{Litcke et al, 1987; Cavener and Ray, 1991). If initiation
at AUG(1011-1013) results from inefficient initiation at
the upstream AUG{391~393) (leaky scanning}, our in vitro
translation experiments indicate that about one-third of
the scanning ribosomes ignore the upstream initiation
codon, which is in a weak context, and continue scanning
until the P39 initiation ¢codon. To provide direct evidence
for this hypothesis, we analyzed the effect on translation
of mutants (Fig. 6A) in which (1) AUG(391-393) was itself
placed in a better sequence context (ZMAUGS), (2)
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FIG. 6. Effact of maodifications of the sequence flanking the initiation codon of P23 (CP) and of the ingertian of supplementary AUG codons. (A)
Representation of the sequence fianking the AUG codons of P23 and P3¢ ORFs and at three positions chosen for insertion of new AUGs. Mutations
are underlined and AUGs are in bold. The yields of the proteins initiated at the different AUGs (right} correspond to the radioactivity incorporated
intc aach protein relative to the radioactivity incorporated into all translation products. (B} Transiation of the different mutants in the TNT system.
Products were analyzed as described in Fig. 3. The mobility of proteins {P23, P20, and P18} initiated at the same AUG in 2MAUG +1, 2MAUG +2,
and 2MAUG +3 varies slightly, probably because the proteins differ by one to six amino acids. The difference Is particularly visible for P18,

synthesized from 2MAUG +2 and frem 2MAUG +3.

AUGE391-333) was suppressed while another AUG
in a favorable context was inserted downstream
(ZMAUGA,S), or (3} one or more additional in-frame
AUGs in suboptimal or optimal contexts were inseried
downstream of AUG{391-393) 2MAUGW,S and 2MAUG
+1, +2, and +3). The coupled transcription—translation
system was used for translation. As predicted by the
leaky scanning model, optimization of the context of
AUGI(391-383) in mutant 2MAUGS reduced the relative

abundance of P38 from 36 to 9% {Figs. 6A and 6B} and
an AUG in good context inserted in-frame at position 595
(in 2MAUGW.S and 2MAUGA 8) trapped almest all of
the scanning ribosomes so that P39 synthesis dropped
to 1-2% (Figs. 6A and BB). Creation of additional AUGs
downstream of AUG{391-323} in mutants 2MAUG +1,
ZMAUG 42, and 2MAUG +3 gave rise to N-terminally
truncated P23 polypeplides as well as full-length P23
and resulted in a decrease in the relative abundance of
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P39 as the number of extra AUGs was increased (Figs.
6A and 6B). For these mutants the amount of P23 pro-
duced was relatively constant,

These experiments support our earfier contention that
translation initiation at AUG{1011-1013)} does not occur
by internal entry of ribosomes as the efficiency of such
a process would not be expected 10 be influenced by
the insertion of upstream initiation codons or by creation
of a favorable context around AUG{391—-333}. Not unex-
pectedly, the efficiency of initiation at a new downstream
AUG depends on the sequence context. Only 8—14% of
the ribosomes initiated at the second AUG in mutants
2MAUG 41, +2, and 43, in which its context was paor,
whereas 56% initiated at AUG{595-597), which is in a
good context in mutant 2MAUGW.S (Fig. BA). In the latter
mutant and in mutant 2MAUG +3, which also contains
this codon, only about 1% of the ribosomes reach
AUG(1011-1013). It should be noted that AUG(514-5186),
although in a favorable initiation context, was less effi-
cient in capturing scanning ribosomes than AUG(595-
597), in which the presence of GCC in front of ACCAUGG
creates an even more favorable context {(Kopzak, 1987a,b)
{compare 2ZMAUG +2 with 2MAUGA,S or 2MAUGW,S in
Fig. BA).

The above results support a leaky scanning model for
initiation at AUG(1011-1013) as they clearly establish
that ribcsomes can ignore the first AUG{391—393) to initi-
ate at a downstream AUG(1011-1013). Experiments in
which franscripts were translated in the reticulocyte ly-
sate led to the same conclusion although there were
some differences in the relative amounts of the proteins
synthesized from the extra AUGs {data not shown}. The
presence of significant amounts of incomplete transla-
tion products in the transcript-driven system may be re-
sponsible in large part for these apparent differences as
na account was taken of such products in the calcula-
tions.

Influence of secondary structure in the 5'-noncoding
region on initiation at AUG{1011-1013)

The previous observations indicate that translation ini-
tiation at AUG{1011-1013) primarily, if not exclusivealy,
involves ribosomes which have scanned past AUG(391—
393). Under these circumstances, we would predict that
an obstacle that hinders access of scanning ribosomes
to AUG(391—-393) would also interfere with access to
AUG(1011-1013). Kozak (1986b) has shown that a stable
stam—loop secondary structure in the 5’-noncoding re-
gion can block the movement of scanning ribosomes
toward a downstream AUG. We have therefore tested
the consequences of inserting a hairpin loop upstream
of AUG(391-393) on the translation of P23 and P39.

The hairpin loop structure in mutant 2Mhp (Fig. 7A)
was created by inserting complementary heptadecamers
in the complementary orientation at the Bg/ll site {posi-

tion 46} of pPC2-2223b,, a derivative of pPC2-2223. As
controls, mutants were obtained by inserting a single
copy of one of the heptadecamers {2Mcs1) or two copies
(2Mcs2), neither of which can form a hairpin indepen-
dently (Fig. 7A). The yield of both P23 and P38 from
translation of 2Mhp was very low in the coupled tran-
scription—translation system (Fig. 7B), whereas the
amounts of the two products synthesized from 2Mcs1
and 2Mcs2 were similar to that obtained with the wild-
type pPC2-2223 (Fig. 7B). Note in particular that the ineffi-
cient synthesis of P23 and P39 with 2Mhp can be attrib-
uted to the presence of the hairpin structure, as insertion
of the same number of residues which do not farm a
hairpin in 2Mcs2 had no effect. Similar results were ob-
tained when transcripts 2Mhp, 2Mcst, and 2Mcs2 were
used as templates in the reticulccyte lysate system (not
shown). These experiments thus provide additional evi-
dence that ribosomes which translate P39 reach that
cistron primarity if not exclusively by leaky scanning of
P23 gene.

DISCUSSION

In this paper we demonstrate that the /n vitro expres-
sion of the second cistron on the PCVY RNA 2 occurs by
internal initiation, This involves a mechanism in which a
portion of the ribosomes or initiaticn complexes bypass
the first AUG (leaky scanning). Leaky scanning has been
reported in many cases in which two overlapping open
reading frames are expressed from the same messengar
RNA (Kozak, 1986a; Samuel, 1989; Riechmann et al,
1991; Schwartz of a/, 1992; Dinesh-Kumar and Miller,
1993), but PCV is exceptional in that the distance be-
tween the two initiation codons is unusually long (620
). For this reason we have sought to exciude other
possible mechanigsms which could account for P39 initia~
tion.

Qur results show that translation of P39 is initiated
even when the first ORF is absent 2MAAUG) or when
the first ORF extended to the stop codon of the second
ORF (2MUGA3). These experiments exclude a mecha-
nism of termination—reinitiation which may occur if a
new start coden is separated from a stop codon by a
short distance (Peabody and Berg, 1986; Levine et al,
1991; Fiutterer and Hohn, 1991} Our experimenis also
show that the efficiency of initiation at the second
AUG(1011-1013) is directly related to the efficiency of
initiation at the first AUG(391-393); insertion of a stable
hairpin in the 5'-noncoding region abolished translation
of both P23 (CP) and P39, and an increase in initiation
at AUG(391-393) produced by changing the sequence
context is coupled with decreased initiation at
AUG(1011-1013). These results show that ribosomes do
not reach AUG[1011-1013) by internal entry. They do
not, however, rule out the possibility that a portion of the
ribasomes enter at the 6'-end, scan past the first AUG,
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FIG. 7. Effect of insertion of & hairpin structure in the 5'-noncoding region on translation of P23 (CP) and P39, {A) Schematic representation of a
mutant of pPC2-2223 containing a Bg! site (pPC2-2223b,) and used for insertion of the two 1+ 7-mer oligonucisctides in the complementary orientation
(2Mhp) or a single copy (2Mcs1) or two Successive copies of the same oligonuclectide (?Mcs2). The seguences of resulting transcripts are shown
with the limits of the 17-nt insert or insents indicated by arrows. The predicted free energy of the hairpin structure is —50 kcal/mol. (B} Analysis by
12% SDS-PAGE of the iranslation products obtained in the TNT system from the different mutants.

and then jump directly to the second AUG without need
to scan the entire upstream sequence, similar to the
process leading 1o initiation of translation of sendai virus
X protein {Curran and Kolakofsky, 1988) and translation of
cauliftower mosaic virus 358 RNA (Futterer et 8/, 1993),
However, in such a model, insertion of additional AUGs
at positions 457, 514, and 535 would not be expected 1o
influence the expression of P39, which is centrary to our
observations. The fact that P39 is normally synthesized
in rather large amounts is probably related 1o the fact
that, in wild-type RNA 2, only one AUG, AUG(391--393),

is present upstream of AUG(1011-1013). However, the
percentage of initiation occurring at the three inserted
AUGs in mutant 2MAUG +3 is much higher than that
occurring at AUG(1011-1013) in wild-type (Fig. 6). This
may indicate that, in wild-type RNA 2, a significant portion
cf the scanning ribosomes which bypass AUG{391-393)
leave the RNA before having reached AUG(1Q11-1013).

Ribosomal frameshifting is another possible means by
which P38 could be expressed although such a mecha-
nism would be expected 1 produce only low levels of
P39 and as a CP-P39 fusion protein. Gramstat et &/
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(1994) have shown that about 0.3% frameshifting occurs
at the junction between the CP cistron and the CRF of
the adjacent 12-kDa protein of patate virus M, a junction
which is identical t¢ the sequence at the PCVY CP—-P39
boundary (. . . AUGA . . .). It should be pointed out,
however, that there Is no upstream "shifty" heptanucleo-
tide sequence such as observed in PVM or in other
frameshift sites (Brault and Miller, 1992; Prufer et al,
1992; Kim and Lommael, 1994) at the CP—-P39 junction. In
the translation experiments shown in Fig. 3 there are a
pair of minor bands of about 60 kDa (indicated by an
asterisk in the figure), one of which could represent a
CP—P39 frameshift fusion product. Neither of these spe-
cies comigrated, however, with the translation product
of 2MUGA3, which is an authentic CP—P39 fusion {data
not shown). Because of the low abundance of the two
indicated translation products in the translation medium,
immunoprecipitation experiments using CP and P39 anti-
sera did not produce conclusive results. However, P39
{and no other species) was readily immunodetected with
a P39-specific antiserum in PCV-infected N. benthamiana
leaves or Chenopodium guinoa protoplasts {data not
showny}, establishing that a mechanism exists for abun-
dant P39 production in infected tissue. Based upon cur
in vitro translation experiments, we feel it highly likely
that leaky scanning accounts for the synthesis of this
product.

The rcle of P39 is still unknown, but there is circum-
stantial evidence that P39 may be involved in vector
transmission since its ORF undergoes deletions when
the virus is propagated by mechanical inoculation cn
leaves {Manohar et a/, 1993), as does the "readthrough
domain” of the SBWMV readthrough protein (Shirakc and
Ehara, 1986) and that of BNYVV (Tamada and Kusume,
1991). As noted in the introduction, a portion of the read-
through domain downstream of the BNYVV coat protein
cistron has been shown to be essential for vector trans-
mission {Tamada and Kusume, 1991). It will be recalied
that BNYVV readthrough protein is expressed by a trans-
lational readthrough of the coat protein cistron termina-
tion codon, a mechanism which should ensure that the
rates of CP and readthrcugh protein synthesis are corre-
lated. For PCV, the strategy involved in the expression
of P39 is different {leaky scanning), but also provides a
mechanism to correlate the rate of expression of P39
and coat protein. [t will be interesting to determine if P39,
like the readthrough protein of BNYVV, is also a minor
virion component and if it also has a role in vecior trans-
mission,
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