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Abstract Potato virus X (PVX)-based vector constructs were
generated to investigate the use of an internal ribosome entry site
(IRES) sequence to direct translation of a viral gene. The 148-
nucleotide IREScp sequence from a crucifer-infecting strain of
tobacco mosaic virus was used to direct expression of the PVX
coat protein (CP). The IRES was inserted downstream of the
gene encoding green fluorescent protein (GFP) and upstream of
the PVX CP, in either sense or antisense orientation, such that
CP expression depended on ribosome recruitment to the IRES.
Stem—loop structures were inserted at either the 3'- or 5’-end of
the IRES sequence to investigate its mode of action. In vitro
RNA transcripts were inoculated to Nicotiana benthamiana
plants and protoplasts: levels of GFP and CP expression were
analysed by enzyme-linked immunosorbent assay and the rate of
virus cell-to-cell movement was determined by confocal laser
scanning microscope imaging of GFP expression. PYX CP was
expressed, allowing cell-to-cell movement of virus, from con-
structs containing the IRES sequence in either orientation, and
from the construct containing a stem—loop structure at the 5’-end
of the IRES sequence. No CP was expressed from a construct
containing a stem—loop at the 3'-end of the IRES sequence. Our
results suggest that the IRES sequence is acting in vivo to direct
expression of the 3’-proximal open reading frame in a bicistronic
mRNA thereby demonstrating the potential of employing IRES
sequences for the expression of foreign proteins from plant virus-
based vectors. © 2001 Federation of European Biochemical
Societies. Published by Elsevier Science B.V. All rights re-
served.
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1. Introduction

Plant virus-based vectors have a number of advantages as
gene expression tools including the ability to direct rapid and
high-level expression of foreign genes in mature, differenti-
ated, plant tissue and have been used for a number of differ-
ent applications. Reporter proteins expressed by viral ge-
nomes allow localisation of virus-infected cells [1-3] and can
be used to study mutant phenotypes [4,5]. Plant virus-based
vectors are also used for the production of valuable foreign
peptides and proteins in plants [6]. Plant virus-based vectors
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offer advantages over other more costly and less flexible pro-
tein production systems such as fermentation, and much re-
search has focused on the development of DNA and RNA
viruses as vectors for gene expression in plants. Most ap-
proaches for the expression of foreign genes from viral vectors
rely on either expression of the foreign protein as a fusion to a
viral protein [2,7,8], or from a duplicated subgenomic mRNA
promoter [9,10]. However, a disadvantage of the latter ap-
proach is that the duplicated sequence is prone to homologous
recombination with the consequent loss of the inserted se-
quence [11].

Translation of most eukaryotic mRNAs occurs by the scan-
ning mechanism in which the 40S ribosome subunit binds to a
5'-cap structure and then ‘scans’ the mRNA until it reaches
an AUG translation initiation codon in a favourable sequence
context where translation begins [12]. An alternative to cap-
dependent initiation of translation, involving direct recruit-
ment of ribosomes to internal tracts within mRNAs, has
been observed for some cellular and viral mRNAs. Specific
sequences, termed internal ribosome entry sites (IRES), lo-
cated upstream of AUG codons have been found to be in-
volved in this process, however, the mechanisms of IRES
action are not fully understood [13]. IRESs have been found
in capped as well as uncapped viral RNA, they show no
strong sequence homology and direct the translation of
mRNAs with different functions, under different physiological
conditions. Although some reports of IRES sequences in plant
viruses have proven controversial [14], Ivanov et al. [15] dem-
onstrated that the 148-nucleotide sequence (IREScp) up-
stream of the coat protein (CP) gene of a crucifer-infecting
tobamovirus (ctrTMV) is capable of promoting internal initia-
tion of translation of the CP in vitro, acting as an IRES.
Skulachev et al. [16] subsequently showed that this sequence,
and sequences originating from the region upstream of the
movement protein gene in both crTMV and tobacco mosaic
virus strain U1, mediated expression of a 3’-proximal reporter
gene in vivo, on transfection of tobacco protoplasts and par-
ticle bombardment of Nicotiana benthamiana leaves with bi-
cistronic RNA transcripts.

Potato virus X (PVX) is a single-stranded RNA virus [17]
that has been used successfully as a vector for gene expression
in plants using both protein fusion and duplicated promoter
expression strategies [1,18]. Here we investigate the potential
of a novel strategy for the expression of proteins in plants
using viral vectors containing an IRES sequence. The strategy
employed exploited the fact that, for PVX, cell-to-cell move-
ment is completely dependent on the presence of viral CP
[1,5,19]. In order to test the ability of the crTMV IREScp

0014-5793/01/%20.00 © 2001 Federation of European Biochemical Societies. Published by Elsevier Science B.V. All rights reserved.

PII: S0014-5793(01)02091-9



216

to direct the expression of an internal open reading frame
(ORF) from a heterologous viral vector we have assessed a
series of viral constructs that produce a bicistronic mRNA
carrying the green fluorescent protein (GFP) ORF positioned
upstream of the IREScp sequence and followed by the PVX
CP coding sequence. Using this strategy the infectivity of the
viral constructs could be determined by the expression of
GFP, and expression of CP could be determined by cell-to-
cell movement, resulting in multicellular infection foci express-
ing GFP.

2. Materials and methods

2.1. Plasmid constructions

The plasmid pTXS, carrying a cDNA of the wild-type PVX ge-
nome, pTXS.GFP, in which GFP expression is under the transcrip-
tional control of a duplicated subgenomic mRNA promoter and
pTXS.GFPACP, in which the CP gene is replaced with that of
GFP, have been described previously [5]. The plasmid pIREScpGUS
(the gift of J. Atabekov and Y. Dohrokov) carries the IREScp se-
quence positioned upstream of the gene encoding B-glucuronidase
[15]. Polymerase chain reaction (PCR) amplification was performed
using pTXS as template with an upstream mutagenic primer, designed
to introduce an Ncol restriction site across the initiating AUG codon
of the viral CP gene, and the universal reverse primer as the down-
stream oligonucleotide. Following digestion of the amplification prod-
uct with Ncol and Sacl, the resulting fragment, which spans the CP
and 3'-untranslated region of PVX, was inserted into pIREScpGUS
from which the GUS coding sequence had been removed by digestion
with Ncol and Sacl. The resulting plasmid, pIRES-XCP, was the basis
for all subsequent plasmid constructions. PCR amplification of
pIRES-XCP was performed with a non-mutagenic upstream primer
and a mutagenic downstream primer that introduced a Sacl site be-
tween the 3’-end of the IREScp sequence and the Ncol site. The
amplification product was digested with EcoRI, which cuts naturally
at the 5’-end of the IREScp sequence, and Ncol prior to cloning of
the fragment between the same sites, flanking the IREScp sequence, of
pIRES-XCP to produce pIRESs-XCP. PCR amplification of pIRES-
XCP was performed with mutagenic primers that introduced Ncol
and EcoRI sites at the 5’- and 3’-ends of the IREScp sequence re-
spectively. The amplification product was digested with Ncol and
EcoRI prior to cloning of the amplified fragment in reverse orienta-
tion between the same sites of pIRES-XCP to produce pSERI-XCP.
A sequence encoding a stem-loop was introduced 5’ of the IREScp
sequence by digestion of pIRES-XCP with EcoRI and ligation to a
self-annealed oligonucleotide (AAT-TCG-GAT-CCC-GGG-GGG-
CCC-TAC-CGC-CGC-GGC-GGT-TAA-CCG-CCG-CGG-CGG-T-
AG-GGC-CCC-CCG-GGA-TCC-G) producing pHIRES-XCP. Full-
length clones were produced by digestion of the subclones pIRES-
XCP, pIRESs-XCP, pSERI-XCP and pHIRES-XCP with Sa/l and
Spel, and cloning of the released fragments, encompassing the
IREScp sequence, CP and 3’-untranslated region of PVX, between
the same sites of pTXS.GFP to produce pTXS.GFP-IRES-CP,
pTXS.GFP-IRESs-CP, pTXS.GFP-SERI-CP and pTXS.GFP-
HIRES-CP, respectively. The plasmid pHIRES-XCP was digested
with EcoRI to release the fragment encoding the stem-loop and, after
T4 DNA polymerase treatment to fill in the overhangs, this fragment
was cloned into pTXS.GFP-IRESs-CP that had been digested with
Sacl and T4 DNA polymerase-treated. The resulting plasmid,
pTXS.GFP-IRESH-CP, thus contained the sequence encoding the
stem—loop 3’ of the IREScp sequence. A derivative of pTXS.GFP-
IRESs-CP, containing the 148 nucleotides from upstream of the TMV
strain Ul CP gene in sense orientation in place of the IREScp se-
quence, was produced by PCR amplification of a Ul wild-type cDNA
clone. Mutagenic primers designed to introduce flanking Sa/l and
Sacl were used and the digested amplification product cloned between
the same sites of pTXS.GFP-IRESs-CP to produce pTXS.GFP-IRE-
Sul-CP. A further construct, lacking IREScp, was prepared by re-
striction enzyme digestion of pTXS.GFP-IRESs-CP with Sal/l and
Sacl. After polishing the DNA termini with T4 DNA polymerase
the plasmid was recircularised to give pTXS.GFP-AIRES-CP. Virus
derived from each of the above plasmids is referred to by deleting the
prefix p from the plasmid name.
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2.2. In vitro transcription and plant inoculation

All plasmids were linearised with Spel prior to in vitro transcription
using a T7 mMESSAGE mMACHINE® kit (Ambion, Austin, TX,
USA) according to the manufacturer’s instructions. Transcription re-
action products were inoculated directly to aluminium oxide dusted
leaves of N. benthamiana as described previously [5]. Two leaves were
inoculated per plant, and each leaf was inoculated with the transcript
products derived from 0.2 pg plasmid template.

2.3. Detection of fluorescence and measurement of infection foci

Leaves were viewed under UV illumination (365 nm) generated
from a Blak Ray B100-AP lamp (Ultraviolet Products, San Gabriel,
CA, USA). For confocal imaging 0.5 cm? squares of leaf tissue were
cut, mounted in water and imaged using an MRC 1000 confocal laser
scanning microscope (Bio-Rad, Hercules, CA, USA) as described pre-
viously [5]. The size of fluorescent infection foci was measured using
COMOS software (Bio-Rad). An analysis of variance was carried out
on area measurements of 20 separate infection foci for each construct,
5 days post inoculation (dpi). The least significant difference at a 5%
level was calculated and used to identify groups of data showing sta-
tistically significant differences.

2.4. Protoplast preparation and transfection

N. benthamiana plants (4-5 weeks old), grown for at least 10 days in
a controlled environment room (16 h light, 22°C), were used for
preparation of mesophyll protoplasts according to the method of
Power and Chapman [20]. Approximately 6X10° protoplasts were
electroporated with 10 pl of an in vitro transcription reaction as
previously described [21]. Electroporated protoplast samples were in-
cubated at approximately 20°C with 16 h light (200 1x) and harvested
after 48 h for protein quantification by enzyme-linked immunosorbent
assay (ELISA).

2.5. ELISA

Accumulation of GFP and CP in transfected protoplasts was de-
termined by indirect triple antibody sandwich ELISA essentially as
described by Clarke and Bar-Joseph [22]. ELISA plate wells (Maxi-
Sorp, Nalgene Nunc International, Rochester, NY, USA) were coated
with a monoclonal antibody raised against either GFP (antibody 3E6,
Molecular Probes, Eugene, OR, USA) or PVX CP (antibody MACSS,
the gift of Lesley Torrance). Protoplasts from triplicate wells of a
tissue culture plate were pooled, pelleted and the pellets ground in
400 pl phosphate-buffered saline. Supernatants collected after brief
centrifugation were used for ELISA. The total soluble protein in
each sample was measured using a Bio-Rad protein assay (Bio-Rad,
Hercules, CA, USA) using bovine serum albumin as the standard.
Bound CP and GFP were probed for with polyclonal antiserum raised
against either PVX (Adgen, Auchincruive, UK) or GFP [18] and
subsequently alkaline phosphatase-conjugated antibody raised against
rabbit IgG (Sigma, St. Louis, MO, USA). All antibodies were diluted
1:2000 for use. The ELISA reaction product (p-nitrophenyl) was
quantified colourimetrically. Levels of CP and GFP were calculated
using Biolinx® software (Dynatech Laboratories, Chantilly, VA,
USA) with standards of PVX virion or His-tagged GFP purified
from yeast.

3. Results

Seven constructs, five of which carried the IREScp, were
produced (Fig. 1). In pTXS.GFP-IRES-CP, the IRES was
introduced in the sense orientation between the GFP and
CP coding sequences in order to allow the synthesis of a
bicistronic subgenomic mRNA with CP expression dependent
on recruitment of ribosomes to the IREScp sequence. A de-
rivative of this clone, pTXS.GFP-IRESs-CP, with a unique
Sacl restriction enzyme recognition site between the IRES
sequence and the PVX CP gene, was prepared to aid subse-
quent plasmid constructions.

In the clone pTXS.GFP-HIRES-CP, a sequence encoding a
stem-loop structure, comprising a 36-bp stem and 4-nucleo-
tide loop (AG-90 kcal/mol), was inserted between the 3’-end
of the gfp gene and the 5’-end of the IRES sequence, in order
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to block leaky scanning of ribosomes through the gfp gene. In
pTXS.GFP-IRESH-CP the stem-loop structure described
above was positioned between the 3’-end of the IRES se-
quence and the CP coding sequence, in order to block scan-
ning ribosomes and prevent translation of the CP. Thus, if the
crTMV-derived sequence was acting as an IRES, the intro-
duction of the stem-loop at the 3’-end but not the 5’-end of
the IRES would be expected to block CP expression. In the
plasmid pTXS.GFP-SERI-CP, the IRES was placed in the
opposite orientation in the expectation that IRES activity
would be blocked and CP expression would not occur. The
plasmids pTXS.GFP-IRESul-CP and pTXS.GFP-AIRES-CP
were produced as negative controls. In pTXS.GFP-IRESul-
CP the 148-nucleotide IREScp sequence from the crucifer
strain of TMV was replaced with the equivalent region from
the Ul strain of TMV, which has been shown to lack IRES
activity [15], and in pTXS.GFP-AIRES-CP the IREScp se-
quence was deleted leaving a 9-bp DNA fragment between
the GFP and CP coding sequences.

In vitro run-off transcripts, synthesised from the above
plasmids and the control plasmids pTXS.GFP and
pTXS.GFPACP, were infectious as determined by the expres-
sion of GFP, giving rise either to individual GFP-expressing
cells (TXS.GFP-IRESH-CP, pTXS.GFP-AIRES-CP, pTXS.
GFP-IRESul-CP, pTXS.GFPACP) or multicellular infection

TXS { 166K f2sk] [8K|[CP]
2K
TXS.GFP 1[G ] [ CP ]
—> —
TXS.GFPACP
- S.lall Ntfol
TXS.GFP-IRES-CP T 1[ GFP IRES{ CP |
| 1
—-> EcoRlI Spel
TXS.GFP-IRESs-CP ¥ | [ GFP_JIRES[ CP |
1
—> Sacl
TXS.GFP-HIRES-CP  J | [ GFP iﬁkssl cP_|
—>
TXS.GFP-IRESH-CP ¥ | [ GFP 1|REs<[f cP_ |
—
TXS.GFP-SERI-CP 1 GFP Jsawi[ cP |
—»>
TXS.GFP-IRESu1-CP ¥ ][ GFP IRES] cCP |
—> ul
TXS.GFP-AIRES-CP $ | GFP || cP |
1
—> Sail

Fig. 1. Schematic representation of the genome organisation of the
PVX wild-type clone, TXS, and its derivatives. ORFs are indicated
by boxes with the size of their predicted products or the names of
the proteins they encode (GFP, green fluorescent protein; CP, coat
protein). The promoter that directs expression of the PVX CP is in-
dicated by an arrow and stem-loops are indicated by hairpins. The
IRES originating from upstream of the CP in the crucifer-infecting
TMYV strain and the equivalent region from the Ul strain are indi-
cated by IRES and IRESul, respectively. Positions of restriction en-
zyme sites used to produce the constructs are indicated.
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Fig. 2. Confocal images of inoculated N. benthamiana leaf tissue,
5 dpi, showing either single epidermal cell infections with TXS.
GFPACP (A) and TXS.GFP-IRESH-CP (B) or multicellular infec-
tion foci with TXS.GFP (C), TXS.GFP-IRES-CP (D), TXS.GFP-
HIRES-CP (E) and TXS.GFP-SERI-CP (F). In (A) and (B)
bar =150 um. In (C)—(F) bar =750 um.

sites (pTXS.GFP-IRES-CP, pTXS.GFP-IRESs-CP, pTXS.
GFP-HIRES-CP, pTXS.GFP-SERI-CP and pTXS.GFP,
Fig. 2 and data not shown).

Area measurements of multicellular, fluorescent, infection
foci obtained with the different CP-expressing constructs, rep-
resentative examples of which are shown in Fig. 2, indicated
that the size of infection foci varied between the different
constructs. The mean area of 20 infection foci, measured for
each construct showing cell-to-cell movement at 5 dpi are
shown in Table 1. Statistical analysis of the data showed
that all the IRES-containing constructs displayed significantly
slower cell-to-cell movement than the control TXS.GFP, in
which the CP is translated directly from the 5’-end of a sub-
genomic mRNA. Furthermore, the infection foci produced by
TXS.GFP-HIRES-CP were significantly smaller than those
produced by TXS.GFP-IRES-CP, TXS.GFP-IRESs-CP and
TXS.GFP-SERI-CP (Table 1).

The constructs containing IREScp were further analysed in
transcript-inoculated N. benthamiana protoplasts with TXS,

Table 1
Measurement of fluorescent infection foci

Inoculum Mean area of fluorescent infection
foci (mm?)

TXS.GFP 4.90

TXS.GFP-IRES-CP 0.516

TXS.GFP-IRESs-CP 0.514

TXS.GFP-SERI-CP 0.461

TXS.GFP-HIRES-CP 0.257

TXS.GFP-IRESH-CP
TXS.GFP-IRESul-CP 0.0 (single cells)
TXS.GFP-AIRES-CP 0.0 (single cells)

The areas of fluorescent lesions on inoculated leaves of N. benthami-
ana were measured 5 dpi. Mean areas in mm? are presented. Analy-
sis of variance gave a value of 0.122 for the least significant differ-
ence at the 5% level.

0.0 (single cells)
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Table 2
GFP and CP accumulation in N. benthamiana protoplasts

Inoculum ng GFP/ug TSP ng CP/ug TSP
TXS 0.0 0.492
TXS.GFP 0.0369 0.442
TXS.GFPACP 0.0603 0.0
TXS.GFP-IRES-CP 0.0360 0.1518
TXS.GFP-IRESs-CP 0.0342 0.1080
TXS.GFP-RESI-CP 0.0415 0.1081
TXS.GFP-HIRES-CP 0.0347 0.0504
TXS.GFP-IRESH-CP 0.0 0.0

Protoplasts were inoculated with transcripts and levels of GFP and
CP accumulation were assayed by ELISA, 2 dpi. TSP =total soluble
protein.

TXS.GFP and TXS.GFPACP as controls. The levels of GFP
and CP accumulation in infected protoplasts were measured
by ELISA at 2 dpi (Table 2). The results from this quantita-
tive study of CP and GFP accumulation correlated well with
the in planta observations. All of the constructs carrying the
gfp gene, with the exception of TXS.GFPACP, gave rise to
similar levels of GFP accumulation, while levels of CP expres-
sion were more variable. There was no detectable CP expres-
sion in infections with TXS.GFP-IRESH-CP, as expected
from the in planta experiment where no cell-to-cell movement
was observed. The other IREScp-containing constructs accu-
mulated lower levels of CP than the TXS and TXS.GFP con-
trols. The construct TXS.GFP-SERI-CP accumulated similar
levels of CP to constructs TXS.GFP-IRES-CP and TXS.GFP-
IRESs-CP. In addition, TXS.GFP-HIRES-CP, which showed
slightly reduced cell to cell movement on plants relative to the
other IRES-containing constructs, showed the lowest level of
CP accumulation in protoplasts out of the constructs that
produced any CP.

4. Discussion

Most approaches to foreign gene expression using virus-
based vectors have relied either on the synthesis of a polypro-
tein, which is proteolytically processed to release the foreign
protein, or depend on a viral promoter to direct expression of
a foreign gene at the 5’-end of a subgenomic mRNA. Here we
have investigated the use of internal initiation of translation
as an alternative approach for the expression of genes from
virus vectors. The use of an IRES sequence to direct gene
expression avoids the need to duplicate promoter sequences
in gene insertion strategies, circumventing the possibility of
homologous recombination, but not precluding the possibility
of non-homologous recombination. We used PVX-based vec-
tor constructs that produce a bicistronic mRNA containing
the IREScp sequence previously described by Ivanov et al.
[15] in which expression of the 3’-proximal CP gene was de-
pendent on internal ribosome entry (Fig. 2, Tables 1 and 2).
All constructs carrying the gfp gene accumulated similar levels
of GFP with the exception of TXS.GFPACP, which accumu-
lated two- to three-fold more GFP than the other vectors.

A stem-loop structure inserted 3’ of the IREScp sequence
prevented expression of the downstream CP ORF in the bi-
cistronic mRNA indicating that the stem-loop was able to
effectively block scanning ribosomes. In contrast, insertion
of the stable stem—loop structure at the 5’-end of the IREScp
sequence did not abolish expression of the CP indicating that
leaky scanning of ribosomes through the gfp gene or reinitia-
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tion of translation, a phenomenon previously reported to oc-
cur with low efficiency in plants [23], were unlikely. In addi-
tion TXS.GFP-AIRES-CP, in which the IREScp sequence was
completely deleted, gave rise to single cell infection sites (Ta-
ble 1), a result that also argues against leaky ribosome scan-
ning. These results indicate that the IREScp sequence is func-
tioning as a site for direct recruitment of ribosomes for
initiation of translation. Our results support observations by
Skulachev et al. [16] that 3’-proximal gene expression was
obtained from bicistronic transcripts, separated by the
IREScp sequence, even when translation of the first gene
was abolished by a stem-loop structure inserted upstream of
the 5’-proximal ORF. However, in our experiments the pres-
ence of the stem—loop immediately upstream of the IRES se-
quence led to a reduction in CP expression levels (Fig. 2,
Tables 1 and 2). This observation could be explained if the
upstream loop sequence interfered with direct ribosome land-
ing at the IRES, a conclusion consistent with the known im-
portance of tertiary structure in some animal viral and cellular
IRES sequences [13], resulting in reduced levels of CP expres-
sion. Another explanation for the observed expression of CP
is that there is a cryptic promoter element within the IREScp
sequence that is able to initiate transcription of an additional
subgenomic RNA, however, we obtained no evidence of extra
subgenomic RNAs in Northern blotting experiments (data not
shown) and there is no reason to expect a tobamovirus-de-
rived sequence to function as a promoter when present in a
heterologous virus. This view is strengthened by the fact that
inclusion of the equivalent region from the Ul strain of TMV
did not result in CP expression and multicellular infections.

Surprisingly, the IREScp sequence appears to initiate trans-
lation effectively in either orientation indicating that either the
IRES activity is not orientation specific or that there may be a
functional structure that is conserved in both strands. This
ability of the IREScp sequence to function in either orienta-
tion raises the possibility that this sequence does not function
in the same fashion as previously described IRES sequences
from animal viruses [13] and further experiments are required
to define precisely the mechanism(s) by which the IREScp
acts. Whatever the mechanism by which the IREScp sequence
is functioning, the data presented demonstrates the possibility
of using a plant virus-derived IRES to direct translation of a
protein from a heterologous viral vector. However, the levels
of CP expression and rates of cell to cell movement achieved
with the IREScp-containing constructs were lower than
achievable with the progenitor construct in which CP expres-
sion is driven from a duplicated subgenomic promoter. This
results in impaired infection phenotypes and increased selec-
tion pressure for in planta recombinants arising through non-
homologous recombination events. Therefore, if IRES-con-
taining vectors are to be of greater utility than currently avail-
able vectors it will be necessary to enhance activity of the
IRES to promote more efficient translation of the downstream
OREF. In the future, greater understanding of the mechanisms
by which IRES sequences work will hopefully allow increased
levels of gene expression by internal initiation of translation
from virus-based vectors, enabling further improvements in
vector design.
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