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SUMMARY

In the Potyvirus genus, the P1 protein is the first N-terminal
product processed from the viral polyprotein, followed by the
helper-component proteinase (HCPro). In silencing suppression
patch assays, we found that Potato virus Y (PVY) HCPro expressed
from a P1-HCPro sequence increased the accumulation of a
reporter gene, whereas protein expressed from an HCPro
sequence did not, even with P1 supplied in trans. This enhancing
effect of P1 has been noted in other potyviruses, but has remained
unexplained. We analysed the accumulation of PVY HCPro in
infiltrated tissues and found that it was higher when expressed
from P1-HCPro than from HCPro sequences. Co-expression of het-
erologous suppressors increased the steady-state level of mRNA
expressed from the HCPro sequence, but not that of protein. This
suggests that, in the absence of P1 upstream, either HCPro
acquires a conformation that affects negatively its activity or
stability, or that its translation is reduced.To test these options, we
purified HCPro expressed in the presence or absence of upstream
P1, and found no difference in purification pattern and final
soluble state. By contrast, alteration of the Kozak context in the
HCPro mRNA sequence to favour translation increased partially
suppressor accumulation and activity. Furthermore, protein activ-
ity was not lower than in protein expressed from P1-HCPro
sequences. Thus, a direct role for P1 on HCPro suppressor activity
or stability, by influencing its conformation during translation, can
be excluded. However, P1 could still have an indirect effect favour-
ing HCPro accumulation. Our data highlight the relevance of cis-
acting translational elements in the heterologous expression of
HCPro.

INTRODUCTION

Members of the genus Potyvirus are plus-sense RNA viruses that
express a single polyprotein which undergoes proteolytic cleavage
to generate the final products, although a small essential gene
expresses via translational frameshifting (Chung et al., 2008).
Extensive work to understand the proteolytic activities and
processing of the potyviral polyprotein was carried out in the late
1980s and early 1990s, mainly on Tobacco etch virus (TEV) and
Plum pox virus (PPV) using in vitro translation systems. Three
proteases are involved in the processing of the polyprotein: (i) the
P1 protein, a serine-type protease that detaches itself at its
C-terminus from the adjacent helper-component proteinase
(HCPro) (Verchot and Carrington, 1995a; Verchot et al., 1991); (ii)
HCPro, a papain-like protease that detaches itself at its C-terminus
from the polyprotein (Carrington and Herndon, 1992); and (iii) the
small nuclear inclusion body protein (NIa), which targets the
remaining polyprotein cleavage sites (Carrington et al., 1988;
García et al., 1989).

The first N-terminal product from the polyprotein corresponds
to the P1 protein, followed by HCPro. Early studies implicated the
P1 protein in viral genome amplification (Verchot and Carrington,
1995b), an effect that operates in trans (Verchot and Carrington,
1995b), whereas its protease activity does not (Verchot et al.,
1991). Mutations that prevented P1 from detaching from HCPro
severely affected the viability of the virus, but this was restored by
adding an NIa protease site at the P1–HCPro boundary, indicating
that detachment of P1 from HCPro rather than P1 activity is
essential to virus infectivity. P1 is, in fact, dispensable, but virus
accumulation and movement are then severely diminished
(Verchot and Carrington, 1995a).

HCPro, by contrast, is essential in the potyvirus infection
cycle. In addition to being a protease and essential for the hori-
zontal transmission of these viruses by vectors, it enhances the
pathogenicity of other viruses, such as potex-, cucumo- and*Correspondence: Email: tomas.canto@cib.csic.es
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tobamoviruses (Pruss et al., 1997), and suppresses gene silencing
defences; it has been demonstrated that Potato virus Y (PVY)
HCPro alone, expressed transgenically, can reverse the virus-
induced systemic silenced state of reporter transgenes, and that
TEV HCPro alone, expressed from a virus vector, can prevent the
systemic silencing of a transgene (Anandalakshmi et al., 1998;
Brigneti et al., 1998). However, HCPros from TEV, PVY, PPV and
Potato virus A (PVA), expressed from P1-HCPro sequences, prevent
the local silencing of reporter genes in agroinfiltration patch
assays (Canto and Palukaitis, 2002; Johansen and Carrington,
2001; Rajamäki et al., 2005; Valli et al., 2006).

The mode by which HCPro interferes with the host antiviral
gene silencing defences is not yet fully understood. However, it is
known that PVY HCPro can interact in vitro with long (250 nucle-
otides) nucleic acids (Maia and Bernardi, 1996; Urcuqui-Inchima
et al., 2000), and TEV and Zucchini yellow mosaic virus (ZYMV)
HCPros can interact in vitro with synthetic double-stranded (ds)
small RNAs (Mérai et al., 2006; Shiboleth et al., 2007). This
binding in the case of Papaya ringspot virus HCPro was found to
be temperature dependent (Mangrauthia et al., 2009). Binding
in vitro to synthetic small RNAs of hexa-histidine-tagged TEV
HCPro, purified from virus-infected plants, was also found to be
dependent on both small RNA size and the presence or absence of
overhangs, and was enhanced by the addition of Drosophila
embryo or Arabidopsis thaliana extracts (Lakatos et al., 2006).
Turnip mosaic virus (TuMV) HCPro has been shown to interfere
with the biogenesis and action of microRNAs, although no direct
binding to these small RNAs was observed (Chapman et al.,
2004). In all of these cases, the binding to small RNAs occurred at
protein : RNA molar ratios much higher than the 2 : 1 character-
ized in the P19 and 2b suppressors of Tomato bushy stunt virus
(TBSV) and Cucumber mosaic virus (CMV) (González et al., 2012;
Vargasson et al., 2003), making it unlikely that HCPro interferes
with the antiviral silencing response by the sequestration of small
RNAs.

Interactions of HCPro with host proteins involved in gene
silencing processes have so far only been reported between ZYMV
HCPro and the RNA methyltransferase HEN-1 in vitro, whose
activity was inhibited (Jamous et al., 2011). However, HCPro
interacts with host proteins that intervene in processes other
than gene silencing, e.g. a calmodulin-related protein (rgs-CaM)
(Anandalakshmi et al., 2000), which is able to bind and inhibit the
activities of dsRNA-binding viral suppressors, as well as to direct
their degradation through the autophagy pathway (Nakahara
et al., 2012), and the A. thaliana transcription factor RAV2, whose
expression appears to be required for HCPro suppressor activity
(Endres et al., 2010). HCPro also binds components of the protea-
some, a structure potentially involved in antiviral defence (Ballut
et al., 2005; Dielen et al., 2011; Jin et al., 2007a), translation
initiation factors (Ala-Poikela et al., 2011) and chloroplast factors
(Cheng et al., 2008; Jin et al., 2007b).

With regard to its conformation, HCPro is a cytoplasmic protein
of around 50 kDa with three domains: the N-terminal domain,
associated with aphid transmission (Blanc et al., 1997; Canto
et al., 1995a) and interaction with proteasomal units (Jin et al.,
2007a); the central domain, associated with the suppression of
silencing function (Shiboleth et al., 2007); and a C-terminal
domain containing its protease activity (Carrington and Herndon,
1992). In plants and in vitro, HCPro has been shown to self-
interact and to form soluble aggregates (Plisson et al., 2003;
Ruíz-Ferrer et al., 2005; Thornbury et al., 1985; Urcuqui-Inchima
et al., 1999; Zheng et al., 2011), which could have functional
relevance. In addition to self-interaction, HCPro has been shown to
interact with other viral components, although whether it binds to
the P1 protein in vivo remains unclear (Merits et al., 1999; Zilian
and Maiss, 2011).

From early studies, it is known that the presence of P1 upstream
of the HCPro sequence increases the activity of the latter, both as
a pathogenicity enhancer and as a suppressor of gene silencing
when expressed from heterologous systems, such as T-DNAs tran-
siently or constitutively, or viral vectors: for example, the presence
of P1 and of the viral 5’ nontranslated region upstream of a TEV
HCPro sequence expressed from a Potato virus X (PVX) virus
vector strongly enhanced the stability and accumulation of the
minus-strand RNA of the vector when compared with PVX
expressing HCPro alone (Pruss et al., 1997). An enhancing effect
of transgenically expressed P1 on the efficiency of TEV HCPro
suppression of the virus-induced gene silencing (VIGS) of a trans-
gene reporter has also been observed (Anandalakshmi et al.,
1998). Furthermore, local suppression of the silencing of a tran-
siently expressed reporter by PPV HCPro in agroinfiltration patch
assays occurred only if the latter was expressed as P1-HCPro,
rather than as HCPro alone (Valli et al., 2006). Similarly, the total
absence of P1 or some insertions in the PVA P1 cistron resulted in
reduced accumulation of HCPro when expressed by agroinfiltra-
tion from a P1-HCPro sequence, and affected its suppressor of
silencing activity on a b-glucuronidase reporter. A role for P1 as a
stabilizer of PVA HCPro, allowing strong suppression of silencing
and high RNA levels during transient expression, was therefore
hypothesized (Rajamäki et al., 2005). This accumulated experi-
mental evidence on the enhancing effects in cis of P1 on HCPro
activity (Anandalakshmi et al., 1998; Brigneti et al., 1998;
Kasschau and Carrington, 1998; Pruss et al., 1997; Rajamäki et al.,
2005; Valli et al., 2006) has caused many researchers to use
P1-HCPro rather than HCPro in their experimental studies.
However, the reasons for these enhancing effects of P1 on HCPro
accumulation and activity in these diverse experimental systems
have remained largely unexplained.

We have investigated the enhancing effect on the accumulation
and biological activity of PVY HCPro of the upstream presence
in cis of the P1 protein in agroinfiltration patch assays. We have
also studied how nucleotide positions around the initiation codon
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influence the translatability, accumulation and activity of HCPro
when expressed in the absence of P1. We show that PVY HCPro
lack of suppressor activity when expressed in the absence of P1
upstream can be partially compensated for by enhanced protein
translation in a more favourable Kozak translation context. Fur-
thermore, we show a correlation between suppressor activity and
its accumulation, and exclude a role for P1 on either HCPro sup-
pressor activity or stability by functioning in its conformational
maturation during translation. Our results do not rule out some
indirect contribution of P1 to HCPro accumulation, and highlight
the relevance of cis-acting translational elements in the heterolo-
gous expression of HCPro in plants.

RESULTS

The presence upstream in cis of the viral P1 protein
provides strong local suppression of silencing activity
to PVY HCPro in patch assays

PVY HCPro expressed transiently by agroinfiltration from a 35S
promoter-driven P1-HCPro sequence in a binary vector (construct
P1-HCPro; Table 1) suppressed the partial silencing of a
co-infiltrated green fluorescent protein (GFP) reporter construct,
leading to increased GFP-derived fluorescence in the infiltrated
patch under an ultraviolet (UV) lamp (Fig. 1A, both leaves, top left
vs. right patches, and top Western blot panel). HCPro tagged with
a methionine plus six histidines at its N-terminus, expressed from
a P1-6x-HCPro sequence (construct P1-6x-HCPro; Table 1), was
also able to induce a similar increase in fluorescence (Fig. 1A, top
vs. bottom left patches and top Western blot panel). Thus, the
addition of the tag did not affect the local suppressor of silencing
activity of PVY HCPro. The 6 ¥ histidine-tagged HCPro had a
similar size to the native protein, around 50 kDa, indicating that

proteolytic self-cleavage by P1 had not been affected (Fig. 1A,
middle and bottom Western blot panels). We therefore used 6 ¥
histidine-tagged HCPro in this work instead of HCPro because of
its convenience with regard to serological detection and the puri-
fication from plants.

In contrast with HCPro expressed from construct P1-6x-HCPro
(Fig. 1B, top left leaf, and left Western blot panel), HCPro
expressed from a 6x-HCPro sequence that lacked the upstream P1
sequence (construct 6x-HCPro; Table 1) failed to efficiently sup-
press the silencing of the GFP reporter (Fig. 1B, top right leaf, left
vs. right patches, and left Western blot panel), and the same
occurred with HCPro expressed from an HCPro sequence (data not
shown). Co-expression of P1 in trans from a different binary
vector, together with construct 6x-HCPro, failed to suppress the
silencing of the GFP reporter (Fig. 1B, middle leaf, left vs. right
patches, and left Western blot panel), as did P1 expressed alone
(Fig. 1B, bottom right leaf, and left Western blot panel). For com-
parison, the suppression activity of the P19 protein is shown
(Fig. 1B, bottom left leaf). Interestingly, HCPro could only be
detected serologically in patches infiltrated with construct P1-6x-
HCPro, but not in those infiltrated with construct 6x-HCPro
(Fig. 1B, right Western blot panel), alone or together with P1
expressed in trans.

In agroinfiltrated patches, steady-state levels of mRNAs tran-
scribed from construct 6x-HCPro were several-fold lower than
those transcribed from construct P1-6x-HCPro [Fig. 2A, top North-
ern blot panels, and middle quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) charts, second vs. fourth
lanes]. This is probably caused by their partial targeted degrada-
tion by the host gene silencing defences, as happens to any
T-DNA-expressed gene in the absence of an efficient suppressor
(Canto and Palukaitis, 2002; Johansen and Carrington, 2001). This
would also explain the lack of accumulation of HCPro expressed

Table 1 Representation of the N-terminal
amino acid sequences and the nucleotides
around the translation initiation codon in the
helper-component proteinase (HCPro) constructs
used in this work.

Construct Amino acid sequence at protein N-terminus
Suppressor
activity

Kozak plant consensus
AACAAUGGC

P1-HCPro Gln-Phe/Ser-Asn- +++ AUCAAUGGC
P1-6x-HCPro Gln-Phe/Ser-Ala-Ser-Met-6 ¥ His-Ser-Asn- +++ AUCAAUGGC
HCPro Met-Ser-Asn- – + AUCCAUGUC
6x-HCPro Met-6 ¥ His-Ser-Asn- – + AUCCAUGCA
6x-HCPro (Ala) Met-Ala-6 ¥ His-Ser-Asn- ++ AUCCAUGGC

The first column shows the binary construct names. The second column shows, in italic, the last amino acids
from P1, the catalytic separation site indicated as ‘/’ and any extra amino acids that remain attached to HCPro;
the original amino acid sequences appear in roman. Proteins expressed from construct HCPro or P1-HCPro
only differ in that there is an additional N-terminal methionine (Met) at the N-terminus of the former;
HCPro expressed from construct 6x-HCPro or P1-6x-HCPro differs in that there is a serine-alanine-serine triplet
(Ser-Ala-Ser) at the N-terminus of the latter. Construct 6x-HCPro (Ala) contains an added alanine between the
starting methionine and the 6 ¥ histidines. The suppressor activities in patch assays of each construct are
shown in the next column (+++, ++ and + refer to strong, intermediate and weak/no suppressor activity,
respectively). The nucleotide sequences flanking the AUG translation initiation codon in the corresponding
mRNAs, with regard to the consensus found in plants (Lützke et al., 1987), are shown in the last column.
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from construct 6x-HCPro (Fig. 1B, right Western blot panel). This
was indeed the case, as co-expression of the heterologous viral
suppressors 2b from CMV or P19 from TBSV led to a several-fold
increase in construct 6x-HCPro mRNA levels in the infiltrated
patches, approaching those of construct P1-6x-HCPro (Fig. 2A, top
Northern blot panels, and middle qRT-PCR charts, fifth and sixth vs.

second lane). Surprisingly, HCPro was serologically detected when
expressed from construct P1-6x-HCPro, but hardly or not at all
when expressed from construct 6x-HCPro, even when silencing of
the latter mRNA was prevented by the 2b or P19 suppressor
(Fig. 2A, bottom Western blot panels, second vs. fifth to sixth
lanes). These data suggest that, in this latter case, either a

Fig. 1 Assessment of the suppressor of silencing activity of the helper-component proteinase (HCPro) constructs in agroinfiltration patch assays in Nicotiana
benthamiana leaves. (A) Addition of an N-terminal 6 ¥ histidine tag to the HCPro protein does not affect its suppressor of silencing activity: a binary vector
expressing a green fluorescent protein (GFP) reporter was co-infiltrated together with the empty binary vector pROK2 (right side of both leaves), together with a
binary vector expressing HCPro from a P1-HCPro sequence (construct P1-HCPro; top patch on left side of leaves) or 6 ¥ histidine-tagged (6x) HCPro from a
P1-6x-HCPro sequence (construct P1-6x-HCPro; bottom patch on left side of leaves). The increase in GFP-derived fluorescence under UV light was similar in both
cases. The amounts of GFP protein and of suppressor detected by Western blotting using antibodies against GFP, HCPro and histidine tags were also similar (top,
middle and bottom Western blot panels, respectively). (B) In the absence of P1 upstream in cis, 6 ¥ histidine-tagged HCPro expressed from a 6x-HCPro sequence
(construct 6x-HCPro) barely suppressed the silencing of the GFP reporter when compared with that shown by construct P1-6x-HCPro (top leaf panel, compare right
vs. left leaf, and left Western blot panel). The addition of P1 in trans from a different binary vector (construct P1) did not alter this lack of suppressor activity (middle
leaf panel, and left Western blot membrane). However, the suppressor activity of construct P1-6x-HCPro was comparable with that shown by the Tomato bushy
stunt virus P19 protein, a strong suppressor of gene silencing (left leaf in top leaf panel vs. left leaf in bottom leaf panel, and left Western blot membrane), whereas
P1 protein on its own did not show any suppressor activity in this type of assay (bottom leaf panel, right leaf). The Western blot panel to the right shows the
accumulation of HCPro in the same samples. Western blot analyses of infiltrated tissue were made at 4 days post-agroinfiltration. In both Western blot panels, lane
H denotes healthy plant extract, used as negative control, and lane M shows the molecular weight markers. The bottom panels below the Western blots in (A) and
(B) show the Ponceau S-stained membranes after blotting, as controls of loading. Lanes labelled C refer to the GFP plus empty binary vector controls co-infiltrated
on the right side of the corresponding leaves.
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conformational alteration negatively affects the stability and/or
activity of HCPro, or its translation is negatively affected.

HCPro expressed from either 6x-HCPro or P1-6x-HCPro
sequences does not display a difference in its
purification properties or soluble state

To test whether structural differences exist between HCPros
expressed from construct P1-6x-HCPro and construct 6x-HCPro,
which might explain the differences observed in protein steady-
state levels and in the respective suppressor activities (Fig. 1B), as
well as the lack of enhancing effect of heterologous suppressors

on the accumulation of HCPro expressed from construct 6x-HCPro
(Fig. 2), we undertook the purification from plants of protein
expressed from both constructs. This allowed us to assess their
behaviour during the differential fractionation, precipitation, con-
centration and nitrilotriacetic acid resin-binding steps, and also
their final soluble states.To do this, the P1-6x-HCPro and 6x-HCPro
sequences from constructs P1-6x-HCPro and 6x-HCPro were trans-
ferred to PVX vectors for their expression from a subgenomic RNA
and large-scale protein expression and purification from Nicotiana
benthamiana plants. Expression of either 6x-HCPro or P1-6x-
HCPro from the chimeric PVX vector increased the severity of virus
infection symptoms in N. benthamiana plants in both cases.
However, this did not translate into increased virus accumulation
(Fig. S1, see Supporting Information).

In both cases, protein was expressed successfully, although
HCPro expressed from the subgenomic viral RNA containing
the 6x-HCPro sequence accumulated to around 10%–20% of
the levels of HCPro expressed from a viral mRNA containing the
P1-6x-HCPro sequence (Fig. 3A, compare lanes 3 vs. 8 from the
left). Despite this difference, both proteins were successfully iso-
lated to near purity using their 6 ¥ histidine tags (Fig. 3B). No
differences could be discerned in protein behaviour during the
different purification steps (Fig. 3B, top vs. bottom Coomassie-
stained gels and Western blot panels). Purified proteins were then
subjected to size fractionation by high-performance liquid chroma-
tography (HPLC) and their elution profiles were analysed by
Western blot. We found that, in both cases, purified soluble HCPro
eluted from the column in similar profiles, with the peaks eluting at
fractions that could be consistent with tetrameric forms (Fig. 3C).
Therefore, no differences were apparent in vitro between HCPros
expressed from either P1-6x-HCPro or 6x-HCPro sequences during
their purification, or in their soluble aggregated states.

Improved translatability results in increased HCPro
accumulation and suppressor activity

The respective N-termini of the HCPros expressed from constructs
P1-HCPro, P1-6x-HCPro, HCPro and 6x-HCPro are shown in
Table 1, as well as their local suppressor of silencing activity in
patch assays and the sequences upstream and downstream of the
AUG translation initiation codons in their mRNAs. Kozak motifs
were less favourable in the HCPro and 6x-HCPro constructs,
encoding proteins without suppressor activity, than in P1-HCPro
and P1-6x-HCPro constructs, relative to the consensus published
for plants. In plant mRNAs, the most frequent two nucleotides
after the AUG initiation codon correspond to G and C, present in
85% and 77% of all plant mRNAs, respectively. This results in an
alanine after the starting methionine (Lützke et al., 1987). In con-
structs 6x-HCPro and HCPro, these two nucleotides correspond to
CA and TC, respectively. It could be possible that, despite the
increase in the levels of HCPro mRNA induced by heterologous

Fig. 2 Quantification of the accumulation of helper-component proteinase
(HCPro) expressed from construct P1-6x-HCPro and from construct 6x-HCPro
and of the steady-state levels of their mRNAs in the presence or absence of
heterologous suppressors of silencing in agroinfiltrated patches of Nicotiana
benthamiana leaves, in two independent experiments (left and right sets of
panels, respectively). In each experiment, patches were infiltrated with empty
vector (first lane), construct P1-6x-HCPro plus empty vector (second lane) and
construct 6x-HCPro plus vectors expressing: P1, empty vector, the Cucumber
mosaic virus 2b protein suppressor of silencing and (in the second experiment
only) the Tomato bushy stunt P19 suppressor of silencing (third, fourth and
fifth lanes, respectively). Analyses of infiltrated tissue were made at 4 days
post-agroinfiltration. HCPro mRNA accumulation in infiltrated tissues was
visualized by Northern blot (top panel), and also quantified by quantitative
reverse transcription-polymerase chain reaction (qRT-PCR) (middle panel).
Protein accumulation was visualized by Western blot (bottom panel). The
panels below the Northern blots show the total nucleic acid samples stained
with ethidium bromide in separate gels, as controls of equal loading. The
panels below the Western blots show the Ponceau S-stained membranes
after blotting, as controls of loading.
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suppressors (Fig. 2A), the corresponding proteins failed to
increase because of poor ribosomal affinity for the initiation
codon, negatively affecting accumulation and overall suppressor
activity. To test this, we added a GCA (encoding alanine) after the
AUG initiation codon [construct 6x-HCPro (Ala)] to create a Kozak
context favourable for translation, comparable with that found in
the native P1-HCPro or in construct P1-6x-HCPro. The new con-
struct showed increased protein accumulation, when compared
with the undetectable levels found in the case of construct
6x-HCPro (Fig. 4A, top panel). Densitometric analysis of protein
bands in Western blot of total protein from the infiltrated patches
showed that HCPro accumulation was over 30% of that found in
patches infiltrated with construct P1-6x-HCPro (Fig. 4A, top panel,
sixth and eighth vs. second lane from the left in Western blot).
Steady-state levels of the corresponding mRNAs were also
approximately 50% higher than those found in the case of con-
struct 6x-HCPro (Fig. 4A, bottom panel, sixth and eighth vs. fourth
lane from the left in the qRT-PCR chart), but still half of the levels
found in the case of construct P1-6x-HCPro (Fig. 4A, bottom panel,
sixth and eighth vs. second lane from the left in the qRT-PCR
chart). Interestingly, co-expression of the heterologous suppressor
P19 failed to increase the level of translated HCPro further
(Fig. 4A, middle panel, seventh and ninth vs. sixth and eighth lanes
from the left in Western blot), despite the fact that, in all cases, it
actually increased the HCPro mRNA levels further. Indeed, the

Fig. 3 Expression of helper-component proteinase (HCPro) from either
P1-6x-HCPro or 6x-HCPro sequences in subgenomic RNAs from Potato virus
X (PVX)-based vectors (constructs PVX-P1-6x-HCPro and PVX-6x-HCPro,
respectively), and their purification from infected plant tissue. Tissue from 15
infected plants (approximately 100 g) was pooled for extraction and protein
analysis by Western blot and protein purification. (A) The accumulation of
HCPro derived from the PVX vector containing a P1-6x-HCPro or 6x-HCPro
sequence in infected leaf tissues was assessed by Western blot. Numbers
(1¥, 0.5¥ and 0.1¥) indicate the relative dilution of each extract sample.
HCPro expressed from the latter sequence accumulated at levels that were
two- to ten-fold lower than those expressed from the former sequence.
(B) Purification of HCPros from plants infected by either PVX construct
was achieved successfully in both cases, with similar patterns of protein
enrichment at each purification step. In each case, the top panels show
the Coomassie blue-stained sodium dodecylsulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) fractionation of the protein sample. The bottom
panels show the detection of HCPro in the purified samples by Western blot.
Each lane was loaded with 7.5 mL of each step of the purification process
indicated above the lane. (C) Fractionation of the purified HCPros by
high-performance liquid chromatography (HPLC), followed by Western blot
analysis of the eluted fractions, shows that both displayed a similar soluble
aggregated pattern. The elution peaks of known size marker proteins are
indicated by arrows. HPLC-eluted fractions of 100 mL were added to 0.5 mg
of bovine serum albumin (BSA) as carrier before precipitation with acetone
prior to Western blot analysis (middle panels), and the panels below the
Western blots show the BSA band in the Ponceau S-stained membranes
after the blot transfer as controls of loading and recovery after acetone
precipitation.
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protein levels fell slightly (Fig. 4A, top panel, seventh and ninth vs.
sixth and eight lanes from the left). This could be caused by
competition between HCPro- and P19-encoding mRNAs for the
cellular translational machinery.

We then tested the comparative suppressor of silencing activity
of HCPro expressed from construct 6x-HCPro (Ala) on a co-
infiltrated GFP reporter in patch assays. Under the UV lamp, a
phenotype of strong suppression of the silencing of the reporter
could be seen (Fig. 4B, top panel, left vs. right infiltrated patches in
the corresponding leaves). Increased GFP protein levels were also
apparent in Western blot analysis of total proteins from the infil-
trated patches. Densitometric analysis of Western blot bands
showed that GFP accumulation caused by HCPro expressed from
construct 6x-HCPro (Ala) was around 60% of that induced by
HCPro expressed from construct P1-6x-HCPro (Fig. 4B, middle
panel).

DISCUSSION

From early studies, it is known that, in heterologous expression
systems, suppression of silencing activity by HCPros produced by

viruses in the genus Potyvirus is stronger if the whole 5’ coding
region of the polyprotein, rather than HCPro alone, is expressed
(fragments P1-HCPro, sometimes P1-HCPro-P3; Anandalakshmi
et al., 1998; Brigneti et al., 1998; Kasschau and Carrington, 1998;
Pruss et al., 1997; Rajamäki et al., 2005; Valli et al., 2006). These
experiments assessed the suppression of silencing of a reporter
gene during transient expression from agroinfiltrated T-DNAs, the
reversal of systemic VIGS in transgenic plants and the increase in
the accumulation of heterologous viruses in either mixed infec-
tions or viral chimeras that expressed the protein. However, the
reasons for these enhancing effects of P1 on HCPro accumulation

Fig. 4 The effects of alterations in the Kozak context on helper-component
proteinase (HCPro) translatability, accumulation and activity. An alanine was
introduced between the starting methionine and the 6 ¥ histidine tag
encoded by construct 6x-HCPro [Met-Ala-6xHis; construct 6x-HCPro (Ala)] to
assess whether an improved Kozak context sequence (from ATCCATGCA to
ATCCATGGC) would increase the transient accumulation of HCPro and its
suppressor activity. (A) Quantification of the steady-state accumulation of
protein expressed from construct 6x-HCPro (Ala) vs. that from either construct
6x-HCPro or P1-6x-HCPro in agroinfiltrated patches (top Western blot panel),
and of their corresponding mRNAs [bottom quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) chart] Patches were
infiltrated with empty vector (first lane), construct P1-6x-HCPro (second and
third lanes), construct 6x-HCPro (fourth and fifth lanes) and construct
P1-6x-HCPro (Ala) (sixth to ninth lanes), together with either empty vector
(lanes labelled ‘–’) or a binary vector expressing P19 (lanes labelled ‘+’). Each
lane corresponds to a different patch. Western blot analyses of infiltrated
tissue were made at 4 days post-agroinfiltration. A densitometric analysis of
the HCPro bands is shown below the Western blot. Data are given as a
percentage of protein relative to that found in the patch in which construct
P1-6x-HCPro plus the empty vector were co-infiltrated (100%). The addition
of alanine increased the levels of suppressor protein, from undetectable to
over 30% of that found in the patch co-infiltrated with construct
P1-6x-HCPro plus empty vector. (B) Quantification of the ability of the same
constructs to suppress the silencing of a co-infiltrated green fluorescent
protein (GFP) reporter. A densitometric analysis of the reporter bands is
shown below the Western blot. Data are given as a percentage of protein
detected relative to that found in the patch in which the GFP reporter and
construct P1-6x-HCPro were co-infiltrated (a value of 100%). The extra
alanine increased the accumulation of the GFP reporter in the infiltrated
patches to 56%–63% of that found in the patch co-infiltrated with construct
P1-6x-HCPro plus empty vector. In both (A) and (B), lane M shows molecular
weight markers, and the small panels below the Western blots show the
membranes stained with Ponceau-S as controls of loading.
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and activity, or, alternatively, the lack of these enhancing effects in
the absence of P1 in cis in these diverse experimental systems,
have remained largely unexplained. However, it is also known
that P1 does not have suppression of silencing activity in these
expression systems (Anandalakshmi et al., 1998; Brigneti et al.,
1998; Rajamäki et al., 2005; Valli et al., 2006). The enhancing
effect therefore appears to be limited to P1 expressed from the
same mRNA as HCPro, as part of a polyprotein. To explain the
auxiliary effects of P1 on HCPro suppressor activity, Rajamäki
et al. (2005) hypothesized a stabilizing effect of P1 on HCPro that
would lead to increased accumulation and activity. The way in
which this stabilization takes place was not explained. One pos-
sibility is that P1 expressed together with HCPro as a polyprotein
could be required for correct post-translational maturation of
HCPro, in order to acquire suppressor of silencing activity. In the
absence of P1 upstream, an inadequate maturation/conformation
could cause HCPro to exhibit either reduced suppressor activity
or reduced stability that would eventually lead to reduced
suppressor activity. Another view of stability could be that P1
could prevent HCPro from being degraded by host processes,
such as the proteasome, autophagy through interaction with rgs-
CaM, RAV2 or other hypothetical mechanisms. Although, for
unknown reasons, this would only happen when P1 was
expressed in cis.

In our patch assay system, we also found that PVY HCPro
displayed suppressor of silencing activity on a reporter only in the
presence of P1 upstream in cis (Fig. 1B). Protein analysis showed
that a lack of suppressor activity correlated with a lack of HCPro
accumulation (Figs 1B and 2). This could be caused by the partial
silencing known to affect any gene expressed from agroinfiltrated
T-DNAs in the absence of a functional suppressor of silencing
(Canto and Palukaitis, 2002; Johansen and Carrington, 2001).
However, co-expression of strong heterologous suppressors of
silencing, such as 2b or P19, failed to increase the steady-state
levels of HCPro, even though the levels of their transcript mRNAs
increased substantially (Fig. 2). This excludes the possibility that
HCPro expressed in the absence of P1 upstream exhibits a con-
formational alteration that negatively affects its suppressor activ-
ity, but not its stability. Therefore, as proposed by Rajamäki et al.
(2005), a lack of stability that leads to small amounts of protein
and therefore little or no suppressor activity would be an option.
To investigate this possibility, we purified HCPro expressed from
either the 6x-P1-HCPro or 6x-HCPro sequence in PVX vectors.
Although the expression from chimeric PVX vectors increased, in
both cases, the severity of virus infection symptoms in N. bentha-
miana plants, this did not translate into increased virus accumu-
lation (Fig. S1), in agreement with observations in previous
studies on the synergistic effects of HCPro (González-Jara et al.,
2005). This happened despite the fact that the levels of HCPro in
infected plants in the former case were five to ten times higher
than in the latter (Fig. 3A). Therefore, a greater accumulation of

HCPro, when expressed from a P1-6x-HCPro sequence, did not
have a stronger synergistic effect on the PVX chimera than when
expressed from a 6x-HCPro sequence. In addition, the presence of
P1 did not apparently have any effect on PVX. The differences in
HCPro accumulation are, however, similar to those found by Pruss
et al. (1997) in PVX expressing either TEV P1-HCPro or HCPro
alone.

Despite the differences in starting protein levels, we success-
fully purified both HCPros, which displayed similar behaviour
during a process that involved differential fractionation, precipi-
tation, concentration and nitrilotriacetic acid resin-binding steps
(Fig. 3B). Size fractionation of the purified samples showed similar
oligomerization patterns (Fig. 3C). Therefore, we found no differ-
ences in protein stability in vitro. The serological detection of
6x-HCPro expressed from a PVX chimera (albeit at low levels) vs.
its nondetection when expressed transiently from an agroinfil-
trated T-DNA could be caused by the transient nature of the latter,
with expression kinetics different from those of a virus vector, with
protein steady-state accumulation falling below the antibody
detection threshold.

On the other hand, when expressed in the context of either its
own virus, or as part of a polyprotein that undergoes cleavage in
heterologous systems, the first amino acid of HCPro is a serine in
the vast majority of the members of the genus Potyvirus (http://
www.dpvweb.net/potycleavage/species.html). For this reason,
when HCPro is expressed as a single gene, at least a codon for
methionine must be added 5’ to the HCPro sequence to enable
translation, and the Kozak context sequence would be different.
The context of expression of HCPro is thus not the same when
expressed as a single gene or as part of a polyprotein (Table 1). In
plants, the consensus Kozak sequence differs from that of animals,
both qualitatively and quantitatively, with nucleotides +4 and +5
(relative to the AUG +1 to +3 initiation codon) modulating initia-
tion codon selection in plants (Lützke et al., 1987). In plant
mRNAs, the most frequent nucleotides at these two consecutive
positions correspond to G and C (85% and 77% frequency, respec-
tively), which result in an alanine after the initial methionine
(Lützke et al., 1987). This is the case for the PVY polyprotein and
its P1 protein. Our PVY constructs P1-HCPro and P1-6x-HCPro thus
contain a GC after the AUG initiation codon (Table 1), whereas, in
constructs HCPro and 6x-HCPro, UC (from the first serine) and CA
(from the first histidine) after their respective initiation codons
(Table 1) are much less common in plants, and perhaps would not
favour the efficient binding of the ribosome to initiate translation.
In support of this hypothesis, we found that, even if mRNA levels
were comparable, HCPro expressed from construct 6x-HCPro
barely accumulated in comparison with protein expressed from a
6x-P1-HCPro sequence (Fig. 2). We tested the possibility that
translation was being negatively affected by a poor Kozak context
by adding a GCA after the AUG to improve the Kozak context
[construct 6x-HCPro (Ala);Table 1].We found that, in patch assays,
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HCPro expressed from construct 6x-HCPro (Ala) showed both
increased protein accumulation and suppressor activity on a GFP
reporter, although the protein levels were lower than those of
HCPro expressed from construct P1-6x-HCPro (Fig. 4). Quantita-
tive analysis of the steady-state levels of suppressor expressed
from constructs P1-6x-HCPro, 6x-HCPro and 6x-HCPro (Ala and of
the GFP reporter) (Fig. 4) showed a clear correlation between this
suppressor accumulation and activity. However, the possibility that
differences in the accumulation levels of the different HCPro pro-
teins could be caused partly by differences in protein stability
derived from the different N-termini, rather than only by differ-
ences in translation efficiency from the mRNAs, cannot be ruled
out completely.

Together, our data rule out the possibility that a faulty post-
translational maturation of protein expressed in the absence of
upstream P1 abolishes HCPro activity. In addition, as we found no
differences in protein stability in vitro, P1 does not appear to be
required during translation for HCPro to acquire stability. By con-
trast, our experiments showed that the Kozak context is relevant
to HCPro expression and the steady-state levels acquired by HCPro
in patch assays. We also demonstrated that HCPro expressed in
the absence of P1 does not display less suppressor activity than
HCPro expressed in its presence, when the relative accumulation
levels are taken into account (Fig. 4). However, because the levels
of suppressor were lower when expressed alone than when
expressed together with P1 as a polyprotein (c. 30%), even after
improving the Kozak context, and the same applied to the activity
on a GFP reporter in patch assays (c. 50%), our data do not
exclude a potential role of cis-P1 in further increasing the accu-
mulation of HCPro by interfering with its degradation by an, as yet
unidentified, host process, or by preventing a proportion of HCPro
molecules from adopting a structure during translation that facili-
tates their degradation, such that they are not available to perform
their functions.

EXPERIMENTAL PROCEDURES

Plasmid constructs

For transient expression in plants, proteins were cloned into pROK2-
based binary vectors. Cloning of the P1HCPro sequence from PVY into
pROK2 has been described previously (Canto and Palukaitis, 2002). To
generate constructs P1 and HCPro, P1 and HCPro sequences were each
amplified by PCR with appropriate oligonucleotides, and cloned into
pROK2 after digestion of fragments and vector with BamHI and SacI,
respectively. The nucleotide sequences immediately 5’ and 3’ of the trans-
lation start codon ATG are shown in Table 1. To add an N-terminal tag of
methionine plus six histidines (Met-6 ¥ His; ATG-CAT-CAC-CAT-CAC-CAT-
CAC) to HCPro in the HCPro construct, the sequences corresponding to
the tag, plus the first 5’ 330 nucleotides of HCPro, were amplified by PCR
with appropriate 5’ oligonucleotides that encoded the Met-6 ¥ His
sequence and a 3’ oligonucleotide (nucleotides 319–339). The PCR

fragment was digested with NheI and XhoI (a unique site present at
nucleotide 330 of the HCPro sequence) and inserted into the above-
mentioned construct, linearized with XbaI-XhoI in place of the original
sequence, thus generating construct 6x-HCPro. To insert the Met-6 ¥ His
sequence between the P1 and HCPro sequences, the P1 sequence was
amplified by PCR with an appropriate 5’ oligonucleotide and a 3’ oligo-
nucleotide complementary to the end of the P1 sequence plus a serine
codon and an NheI site [CAGTTT(P1)AGC(serine)GCTAGC(NheI site;
proline-serine)]. In addition, a sequence from construct 6x-HCPro was
amplified by PCR using a 5’ oligonucleotide encoding the Met-6 ¥ His tag
sequence with an added NheI site upstream, and an appropriate 3’ oli-
gonucleotide. Both PCR fragments were then cleaned, digested with NheI
and ligated in vitro. The ligation product was used to amplify a PCR
fusion fragment using the P1 5’ oligonucleotide and the 3’ oligonucle-
otide at the HCPro encoding sequence (nucleotides 319–339). The fusion
fragment thus obtained contained a P1-(Ser-Pro-Ser-Met-6 ¥ His-Met)-
HCPro sequence at the fusion sites. The fusion PCR product was digested
with BamHI and XhoI, and cloned into equally linearized construct
P1-HCPro, generating construct P1-6x-HCPro. For large-scale purification
of HCPro, the 6x-HCPro and P1-6x-HCPro sequences were amplified by
PCR with appropriate oligonucleotides and cloned into a binary vector
pgR 107 expressing infectious PVX (Lu et al., 2003) linearized with ClaI
and SmaI. To obtain HCPro with an N-terminal methionine-alanine-six
histidines tag (Met-Ala-6 ¥ His; ATG-GCA-CAT-CAC-CAT-CAC-CAT-CAC), a
fragment was amplified from construct 6x-HCPro by PCR with a 5’ oli-
gonucleotide that encoded this Met-Ala-6 ¥ His tag sequence and an
appropriate 3’ oligonucleotide in the HCPro sequence (nucleotides 319–
339). The PCR fragment was digested with NheI-XhoI and inserted into
XbaI-XhoI-linearized construct 6x-HCPro, to generate construct 6x-
HCPro (Ala). Binary vectors expressing TBSV P19 and CMV 2b have
been described previously (Canto et al., 2006; González et al., 2010,
respectively).

Transient expression of genes in plants

For transient expression assays (patch assays), binary vectors were trans-
ferred to electrocompetent Agrobacterium tumefaciens C58C1 derived
from a single colony, to prevent bacterial variability. Cultures were grown
to exponential phase in Luria–Bertani medium with antibiotics at 28 °C.
For infiltration, each bacterial culture was diluted to a final optical density
of 0.2 at 600 nm. Different cultures harbouring different T-DNAs were then
combined, and infiltration of the mixtures was performed as described by
Canto and Palukaitis (2002).

Local suppression of silencing in agroinfiltration
patch assays

A free GFP reporter gene expressed from a binary vector under the control
of the 35S promoter was expressed transiently in an N. benthamiana leaf,
either co-infiltrated with the empty binary vector pROK2, or with another
vector expressing a protein to be tested for suppression of silencing
activity. To determine the levels of fluorescence derived from the tran-
siently expressed free eGFP, leaves were illuminated at 4–6 days post-
infiltration with a Blak Ray® long-wave UV lamp (UVP, Upland, CA, USA),
as described by González et al. (2010).
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Immunoblot detection of proteins and analysis

Total protein from infiltrated tissue discs was extracted with a pestle and
mortar in extraction buffer [0.1 M Tris-HCl, pH 8, 10 mM ethylenediamine-
tetraacetic acid (EDTA), 0.1 M LiCl, 1% b-mercaptoethanol and 1% sodium
dodecylsulphate (SDS)] (6 mL/mg of fresh tissue), and the samples were
boiled and fractionated by sodium dodecylsulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) in 10% (for HCPro detection) or 15% (for GFP
detection) gels. Each lane was loaded with 7.5 mL of extract sample. Gels
were wet blotted in tris-glycine buffer onto Hybond-P poly(vinylidene
difluoride) (PVDF) membranes (GE Healthcare, Amersham, Buckingham-
shire, UK). For immunological detection of GFP, a rabbit GFP polyclonal
antiserum by G. Cowan (James Hutton Institute, Dundee, UK) was used. For
detection of 6x-HCPro, a mouse monoclonal antiserum to six histidines
was used (Sigma-Aldrich, St Louis, MO, USA).A rabbit polyclonal antiserum
against PVY HCPro was used in the Western blot shown in Fig. 1A (Canto
et al., 1995b). For the detection of PVX by Western blot, a commercial
rabbit antibody was used (No. 070375/500; Loewe Biochemica GmbH,
Sauerlach, Germany). Blotted proteins were detected using commercial
secondary antibodies and SigmaFast™ 5-bromo-4-chloro-3-indolyl-
phosphate/nitroblue tetrazolium (BCIP/NBT) substrate tablets (Sigma-
Aldrich). Comparative protein densitometric analysis of blotted proteins
was made with the Quantity One 4.6.3 1-D analysis software (Bio-Rad
Laboratories, Hercules, CA, USA).

RNA isolation from plants and Northern blot and
qRT-PCR analyses

For the Northern blot and qRT-PCR analysis shown in Fig. 2, total RNA was
extracted from 50 mg of leaves using a Plant RNA Mini Kit (Omega,
Norcross, GA, USA) and resuspended in 50 mL of water. For Northern blot
analysis, 7.5-mL samples were fractionated in 1% denaturing agarose gels,
and transferred to nylon membranes (Hybond-N+; GE Healthcare), as
described by Canto and Palukaitis (2002). HCPro mRNAs were detected
using a digoxigenin-labelled RNA probe to the whole PVY HCPro
sequence, partially hydrolysed with 5 vol of 0.1 M NaOH for 5 min at
37 °C, and following the manufacturer’s instructions for the substrate
(Roche Diagnostics GmbH, Mannheim, Germany). One-step qRT-PCR was
performed in a Rotor-GeneQ real-time PCR detection system (Qiagen
GmbH, Hilden, Germany) using total RNA preparations treated with
TURBO DNA-free kit (Ambion, Life Technologies Corporation, Carlsbad,
CA, USA). The assay was performed using 15 mL of a reaction mix con-
taining 7.5 mL of Brilliant III Ultra-Fast qRT-PCR Master Mix (Agilent, Santa
Clara, CA, USA), 1.8 mL of RNAase-free water, 0.75 mL of reverse tran-
scriptase, 0.15 mL of 100 mM dithiothreitol, 0.3 mM of each primer and
15 ng of total RNA. All reactions were performed in triplicate and their
averaged values were obtained. qRT-PCR was carried out at 50 °C for
10 min, 95 °C for 3 min and for 40 cycles of 95 °C for 10 s and 60 °C for
20 s. PCRs were performed, recorded and analysed using the Rotor-Gene
Q series Software. Synthesis of cDNA products of approximately 150 base
pairs (bp) in length was verified by 2% agarose gel electrophoresis and
direct sequencing, and by melting curve analysis containing a single melt
curve peak using the Rotor-Gene Q series software. 18S rRNAs were used
for normalization because of their similar expression levels across all
different agroinfiltrations, and their PCR amplification efficiencies.

The following primers were used: forward primer Q-PCR-HcF2 (5’-
CCAGGAGTCAGCAGAAAATG) and reverse primer Q-PCR-HcR2 (5’-
GGTGCTTTTTAGTTGGTGGATAG) for the amplification of PVY HcPro,
and forward primer 18S-F (5’-GCCCGTTGCTGCGATGATTC) and reverse
primer 18S-R (5’-GCTGCCTTCCTTGGATGTGG) for the amplification of
18S rRNA.

For the Northern blot analysis of positive-sense PVX genomic and sub-
genomic RNAs shown in Fig. S1, total nucleic acids from infected plants
were extracted from 2 g of individual plants using 6 mL of extraction
buffer (0.1 M Tris-HCl, pH 8, 10 mM EDTA, 0.1 M LiCl, 1%
b-mercaptoethanol and 1% SDS), followed by two phenol–chloroform
extractions, ethanol precipitation and resuspension in 2 mL of water.
Samples of 7.5 mL were fractionated in 1% denaturing agarose gels, wet
blotted to nylon membranes and detected with a digoxigenin-labelled
probe to the viral CP (González-Jara et al., 2004), following the manufac-
turer’s instructions for the substrate (Roche Diagnostics GmbH).

Purification of HCPro from plants and in vitro analysis

A protocol was set up based on modifications to three previous methods
(Blanc et al., 1999; Ruíz-Ferrer et al., 2005; Sasaya et al., 2000). Briefly,
leaves infected with PVX expressing 6x-HCPro (~100 g), showing fully
developed symptoms 10 days after inoculation, were homogenized in
350 mL of chilled 100 mM Tris-HCl (pH 8.0), 20 mM Mg2SO4, 500 mM NaCl,
0.5 mM ethyleneglycol-bis(2-aminoethylether)-N,N,N',N′-tetraacetic acid
(EGTA) buffer supplemented with 0.2% Na2SO3, 0.1% polyvinylpyrrolidone
and 5 mM b-mercaptoethanol.After filtration, centrifugation and ultracen-
trifugation, precipitation with 40% (NH4)2SO4 was carried out, discarding
the supernatant and recovering the protein by resuspension of the pellet.
The 6x-HCPro molecule was retained in nitrilotriacetic acid resin (Qiagen
GmbH), packed on a polypropylene column and eluted with 100 mM

Tris-HCl (pH 8.0), 20 mM Mg2SO4, 500 mM NaCl and 400 mM EGTA. Puri-
fied 6x-HCPro was concentrated finally using Centrifugal filter units (Mil-
lipore, Billerica, MA, USA) and stored at -80 °C until use.

For HPLC fractionation analysis, purified protein samples were subjected
to overnight dialysis against column buffer (100 mM Tris-HCl, pH 7.5,
20 mM Mg2SO4, 50 mM NaCl, 1 mM dithiothreitol) and concentrated to
10 mg/mL using an Amicon Ultra-4 centrifugal device minicolumn (Milli-
pore). Samples eluted by HPLC were collected in 100-mL aliquots, com-
bined with 0.5 mg bovine serum albumin (BSA) as a carrier and
precipitated with four volumes of acetone, before SDS-PAGE plus Western
blot analysis (one aliquot per Western blot well). Proteins of known size
(monoclonal antibody IgG1 and fragment Fab) were also fractionated by
HPLC to estimate the size of the eluted HCPro.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Fig. S1 Assessment of the effect of the expression of 6x-HCPro or
P1-6x-HCPro from a Potato virus X (PVX) vector on virus infection
symptoms and accumulation. (A) At 7 days post-inoculation (dpi).
Infection with the PVX vector induced mosaic, vein clearing and
curling in systemically infected leaves when compared with
healthy plants (bottom vs. top left plants). Expression of either
6x-HCPro or P1-6x-HCPro from the PVX vector resulted in similar
symptoms in both cases, stronger than those induced by the PVX
vector, with more severe curling in the systemically infected leaves
(bottom and top right plants vs. bottom left plant). (B) Despite
these differences in the severity of infection symptoms, the steady-
state levels of virus were similar in the three cases [top Western
blot panel against viral coat protein (CP); numbers (1¥ and 0.2¥)
indicate the relative dilution of the sample extract]. Differential
HCPro accumulation was also confirmed (bottom Western blot
panel against the 6 ¥ histidine tag). The panels below the Western
blots show the Ponceau S-stained membranes after blotting, as
controls of loading. (C) The accumulation of viral genomic and CP
subgenomic RNAs for the three viruses was also visualized by
Northern blot with a probe against the viral CP (top panel), which
recognizes all viral RNAs, and a probe against HCPro (bottom
panel), which recognizes the full-length genomic and HCPro-
containing subgenomics: triple-gene-block (TGB) subgenomic, and
the HCPro subgenomic proper, but not the CP. TGB and HCPro
subgenomics failed to resolve as sharp bands. The panels below
the Northern blots show the total nucleic acid samples stained
with ethidium bromide in separate gels, as controls of equal
loading.
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