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SUMMARY

In plants, the ubiquitin/26S proteasome system (UPS) plays a
central role in protein degradation and is involved in many steps
of defence mechanisms, regardless of the types of pathogen
targeted. In addition to its proteolytic activities, the UPS ribonu-
clease (RNase) activity, previously detected in 20S proteasome
preparations from cauliflower and sunflower (Helianthus
annuus), has been shown to specifically target plant viral RNAs
in vitro. In this study, we show that recombinant Arabidopsis
thaliana proteasomal a5 subunit expressed in Escherichia coli
harbours an RNase activity that degrades Tobacco mosaic virus
(TMV, Tobamovirus)- and Lettuce mosaic virus (LMV, Potyvirus)-
derived RNAs in vitro. The analysis of mutated forms of the a5

subunit demonstrated that mutation of a glutamic acid at posi-
tion 110 affects RNase activity. Furthermore, it was demon-
strated, using a bimolecular fluorescence complement assay,
that the multifunctional helper component proteinase (HcPro) of
LMV, already known to interfere with the 20S proteasome RNase
activity in vitro, can interact in vivo with the recombinant a5

subunit. Further experiments demonstrated that, in LMV-
infected lettuce cells, a5 is partially relocalized to HcPro-
containing infection-specific inclusions. Susceptibility analyses of
Arabidopsis mutants, knocked out for each At-PAE gene encod-
ing a5, showed that one (KO-pae1) of the two mutants exhibited
a significantly increased susceptibility to LMV infection. Taken
together, these results extend to A. thaliana a5 the range of
HcPro-interacting proteasomal subunits, and suggest that HcPro
may modulate its associated RNase activity which may contrib-
ute to an antiviral response.

INTRODUCTION

The ubiquitin/26S proteasome system (UPS) is an essential
element of protein turnover, playing a crucial role in mecha-
nisms as important as the degradation of misfolded/damaged
proteins, cell cycle control, programmed cell death and signal
transduction (Dreher and Callis, 2007). Thus, UPS is involved in
the plant response to the majority of external environment
modifications and stresses, including plant–microbe interac-
tions (for a review, see Dielen et al., 2010) and, more specifi-
cally, antiviral mechanisms. This pathway has been reported to
be induced by viral infection (Takizawa et al., 2005) or to be
involved in specific gene-mediated resistance responses (Liu
et al., 2002; Peart et al., 2002). Furthermore, the altered
response to viral infection of tobacco plants perturbed in the
ubiquitin system (Becker et al., 1993) supports the concept that
the ubiquitin/proteasome system participates in the molecular
dialogue between viruses and their host plants. In some cases,
pathogens have found ways to hijack the plant UPS in order to
reprogramme it for their own purposes (Angot et al., 2006;
Baumberger et al., 2007; Bortolamiol et al., 2007; Pazhouhan-
deh et al., 2006). In other cases, viral proteins themselves are
targets of the ubiquitin-dependent proteasome pathway
(Drugeon and Jupin, 2002; Reichel and Beachy, 2000).
However, whether these degradation events are obligatory
steps in the virus cycle to ensure effective viral invasion, or
whether they play a role in a defence response, is presently
unknown.

The 26S proteasome core element is the 20S proteasome, a
barrel-shaped protein complex of four stacked rings defining
three internal chambers. The outer rings are made up of seven
a subunits and the inner rings of seven b subunits, giving the
complex the overall structure of a1–7/b1–7/b1–7/a1–7. Three pro-
teolytic activities, carried by the b1, b2 and b5 subunits are
housed by the inner rings, defining a catalytic chamber. Access
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to this chamber is controlled by the a rings, which only allow
unfolded proteins to enter (Vierstra, 2003). When associated
with one or two 19S regulatory particles, the 20S proteasome
defines a 26S proteasome, involved in ubiquitin- and ATP-
dependent protein degradation (Dielen et al., 2010; Vierstra,
2003).

Interestingly, proteolytic activities are not the only
enzymatic activities harboured by the 20S proteasome. Indeed,
an unexpected ribonuclease (RNase) activity has also been
identified in animal and plant proteasomes (Ballut et al., 2003;
Gautier-Bert et al., 2003; Tsukahara et al., 1989). In animals,
this intrinsic proteasome-associated endoribonucleolytic activ-
ity targets viral RNAs and some cellular mRNAs containing
tRNA-like structures. In vitro, it also interferes with protein syn-
thesis from viral RNAs and mRNAs from virus-infected cells
(Gautier-Bert et al., 2003; Homma et al., 1994). This RNase
activity has been demonstrated to be associated with the a5

subunit (Petit et al., 1997; Pouch et al., 1995) and has been
shown to degrade the genomic RNA of Tobacco mosaic virus
(TMV).

The plant proteasome has also been shown to carry a
similar RNase activity, degrading both Lettuce mosaic virus
(LMV) and TMV RNAs in vitro (Ballut et al., 2003),
prompting the suggestion that this activity may be part of a
general antiviral defence pathway. In such a scenario, a
counter-effect by viral proteins could be foreseen. Indeed, the
LMV HcPro (helper component proteinase) protein, involved in
various steps of the potyviral cycle (replication, cell-to-cell
movement, aphid transmission) and a known suppressor of
post-transcriptional gene silencing (Brigneti et al., 1998),
associates in vivo and in vitro with purified sunflower
and cauliflower 20S proteasomes (Ballut et al., 2005). Ballut
et al. (2005) further demonstrated that LMV HcPro can
interact and interfere with the RNase catalytic activity
of the 20S proteasome, and Jin et al. (2007) partially confirmed
these results by demonstrating in vitro and in vivo a physical
interaction between Potato virus Y (PVY, Potyvirus) HcPro
and three Arabidopsis 20S proteasome subunits (a1, b2 and
b5).

However, the involvement of 20S proteasome RNase activity
in plant defence remains an enigmatic question that clearly
needs further investigation. In this study, we investigated
whether the a5 subunit of plant proteasomes carries an RNase
activity, as observed in animal proteasomes. Using in planta
assays, the interaction between the LMV HcPro protein and the
plant proteasome a5 subunit was analysed. To test the biologi-
cal relevance of this interaction, we investigated the infection
of LMV in Arabidopsis thaliana knockout (KO) plants. Our
results show that downregulation of one copy of the a5 gene
leads to higher LMV accumulation, suggesting a negative role
of a5 in LMV infection.

RESULTS

Recombinant A. thaliana a5 subunits PAE1 and PAE2
display an RNase activity in vitro

As we had obtained preliminary indications that the Arabidopsis
20S proteasome displays RNase activity (S. Badaoui, unpublished
results), the two A. thaliana a5 subunit isoforms were expressed
in Escherichia coli in order to further analyse this property. In
Arabidopsis, the a5 subunit is encoded by two highly homolo-
gous paralogues, namely PAE1 and PAE2. The coding regions of
PAE1 and PAE2 were cloned into an E. coli bacterial expression
vector (pDEST™17), and the corresponding proteins were
expressed and purified to homogeneity as described in Materials
and methods (Fig. 1). The Aequorea victoria green fluorescent
protein (GFP) coding sequence was cloned in parallel and the
expressed GFP was purified using the same purification proce-

28
36

D

PAE1 PAE2

Fig. 1 Analysis of different recombinant a5 proteins and GFP expressed in
Escherichia coli and purified by affinity chromatography. Samples were
analysed by 15% sodium dodecylsulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and proteins were visualized by Coomassie blue
staining (A) and Western blot analysis with anti-His antibodies (B) or
polyclonal rabbit anti-PAE-peptide serum (C, D). (D) PAE1 (left) and PAE2
(right) proteins visualized with anti-PAE-peptide serum. One microgram of
each protein was loaded on the gel. GFP, recombinant m5-green
fluorescent protein; PAE1 and PAE2, A. thaliana a5 isoforms; H99L, E110G
and E110Y, mutant proteins derived from PAE1 isoform. Molecular mass
markers (kDa) are indicated to the left.
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dure as described for the a5 isoforms, in order to constitute a
negative control of RNase activity.

In order to test whether the recombinant A. thaliana a5 sub-
units harbour an RNase activity, three in vitro transcribed RNA
substrates were used (according to Ballut et al., 2003, 2005):
two viral RNAs corresponding to the 3′-end of the LMV
genome (1036 bases) and the 3′-end of the TMV genome
(1315 bases), previously shown to be degraded by the sun-
flower 20S proteasome, and a cellular RNA encoding the sun-
flower calmodulin (494 bases), previously shown to be
resistant to degradation by the sunflower 20S proteasome
(Ballut et al., 2003). Each RNA substrate was incubated with
native or heat-denatured PAE1, PAE2 and GFP, or in the
absence of any protein (negative control), for 30 min at
37 °C. The degradation products were analysed on 3-(N-
morpholino)propanesulfonic acid (MOPS)–agarose 2% denatur-
ing gels. At least three independent digestion assays were
performed, using two independently purified preparations of
each recombinant protein, leading, in each case, to reproduc-
ible results. As shown in Fig. 2, both recombinant PAE1 and
PAE2 harbour an RNase activity which degrades LMV, TMV and
calmodulin substrates (Fig. 2A–C). Under similar assay condi-
tions, no degradation was observed in the various substrates
incubated with GFP or in buffer alone. The degradation of the
RNA substrates was abolished by pretreatment of the PAE1 or
PAE2 proteins for 15 min at 100 °C. Scanning of the gels
revealed that about 80% of the TMV substrate was degraded
by PAE1 and PAE2, whereas about 70% of the LMV substrate
was degraded (Table 1). Moreover, the addition of low concen-
trations of sodium dodecylsulphate (SDS) (0.01%, p/v) to the
TBK240 incubation buffer abolished the degradation of the
substrates by the PAE1 and PAE2 proteins, but had no
detectable effect on the degradation activity of RNase A
(Fig. 2D).

We next evaluated the minimum amount of purified PAE1
needed to degrade 1 mg of the LMV 3′-end RNA. Figure 3 shows
the results of two experiments performed with independently
purified PAE1 preparations, and indicates that the RNase activity
associated with the PAE1 preparations is low, as RNA degrada-
tion was only observed under the assay conditions with a
minimal molar ratio of 6.25:1 (PAE1 : LMV 3′-end). This result is
in agreement with those obtained by Jorgensen and Hendil
(1999), who showed that free human a5 subunit possesses low
RNase activity (4 mmol of TMV RNA degraded per mole of
enzyme per minute).

Mutations of glutamic acid at position 110 affect
A. thaliana PAE1 RNase activity

On the basis of the amino acid sequence homologies observed
between the a5 subunits from 23 organisms belonging to diver-

gent taxonomic groups, the tridimensional structural data of the
mammalian a5 (Unno et al., 2002) and the known importance of
histidine residues in the active site of endoribonucleases (Royo
et al., 1994; Zegers et al., 1992), two highly conserved residues
located on the surface of the PAE1 protein, and potentially
exposed in the proteasome lumen, were identified as potential
active site candidates for mutagenesis: the histidine at position
99 (H99) and the glutamic acid at position 110 (E110) (Fig. S1,
see Supporting Information). Thus, three PAE1-derived mutants
were obtained, namely H99L, E110G and E110Y, and purified
using the same strategy as that used for the wild-type subunits
(Fig. 1). Subsequent assays using the described RNA substrates
were performed to test the RNase activity of the purified mutant
proteins. Our results showed that none of the mutations tested
led to the total inhibition of PAE1 RNase activity, with all
mutants showing degradation of the substrates at a level sig-
nificantly different from the negative controls (Fig. 2E and
Table 1).

The percentage decrease in RNase activity observed for the
mutant H99L, relative to PAE1 activity, was very mild: around
2.5% and 6% inhibition when using the TMV 3′-end and LMV
3′-end substrates, respectively (Table 1). Therefore, the H99L
mutation does not seem to have any detectable influence on
PAE1 RNase activity.

However, both the E110G and E110Y mutations caused a
significant inhibition of PAE1 activity.Values of inhibition of 39%
and 26% were triggered by the E110G mutation when using the
LMV 3′-end and TMV 3′-end substrates, respectively, and 36%
inhibition was observed for the calmodulin substrate. The E110Y
mutation seems to be even more drastic, triggering inhibition
values of 72% and 42% when using the LMV 3′-end and TMV
3′-end substrates, respectively, with 53% inhibition being
observed for the calmodulin substrate. These results, which were
reproduced with two independently purified mutant prepara-
tions, clearly indicate that mutations of glutamic acid at position
110 affect, directly or indirectly, PAE1 RNase activity.

LMV HcPro interacts in vivo and colocalizes in planta
with A. thaliana PAE1

A previous report (Ballut et al., 2005) has demonstrated a physi-
cal interaction between the purified sunflower 20S proteasome
and the HcPro of LMV, with an ensuing inhibition of the in vitro
proteasomal RNase activity. Interactions between Arabidopsis
proteasome subunits (a1, b2 and b5) and a potyviral HcPro have
recently been shown for PVY (Jin et al., 2007). Interestingly,
these authors were not able to detect any interaction between
the a5 subunit and the PVY HcPro in their extensive screen of the
Arabidopsis proteasome subunits. We performed bimolecular
fluorescence complementation (BiFC) assays between PAE1 or
PAE2 and LMV HcPro. In BiFC, yellow fluorescent protein (YFP) is

a5 RNase activity and HcPro interaction 139
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Fig. 2 Degradation of Lettuce mosaic virus (LMV), Tobacco mosaic virus (TMV) and calmodulin RNA substrates by recombinant PAE1 and PAE2 proteins. Thirty
picomoles of purified recombinant protein (1 mg) were incubated with 1 mg (14–34 pmol) of in vitro-transcribed RNA for 30 min at 37 °C in a final volume of
20 mL of TBK240 buffer. The products were then analysed on 2% agarose denaturing gels. Different conditions were tested: RNA was incubated with native or
heat-treated protein (boiled), and three negative controls were made: RNA incubated in TBK240 (Buffer), RNA incubated in boiled TBK240 (Buffer boiled) and
RNA not incubated before gel analysis (No treatment). Molecular markers in kilobases (0.5–10-kb RNA-ladder; Invitrogen) are indicated on the left. (A)
Calmodulin RNA substrate. (B) LMV 3′-end RNA substrate. (C) TMV 3′-end RNA substrate. (D) Effect of sodium dodecylsulphate (SDS) concentration on the
degradation of LMV 3′-end RNA substrate by recombinant PAE1 and PAE2 proteins and by RNase A. ‘LMV’, no treatment. (E) Comparison of LMV 3′-end RNA
degradation by wild-type and mutant PAE1 proteins. The level of remaining undigested RNA was quantified by measuring the intensity of the bands using
ImageJ software. The values obtained for all recombinant proteins were compared with the mean value obtained for the three negative controls. The standard
deviation is shown by error bars (experiments were repeated three times).
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split into two nonfluorescent fragments, YN and YC. The possible
interaction partners are fused with these fragments, which, on
interaction of two protein partners, are brought into close
contact, resulting in the restoration of a fluorescent YFP (Walter

et al., 2004). Different combinations of HcPro and PAE transient
expression vectors were cobombarded into onion epidermal cells
to test whether the proteins could interact.

As shown in Fig. 4, PAE1-YC and PAE2-YC were able to inter-
act with YN-HcPro in the cytoplasm of onion epidermal cells. YFP
fluorescence was detected in the experimental samples 16–18 h
after bombardment, whereas it was not detected in any of the
negative controls (i.e. only YN-HcPro or PAE2-YC or PAE1-YC
expressed alone, or in the presence of unrelated YN or YC fusion
proteins).

In order to compare the subcellular accumulation pattern of
a5 in healthy lettuce cells and in LMV-infected cells, a YFP-
tagged PAE1 was transiently expressed by agroinfiltration in the
leaves of lettuce plants that had been inoculated previously with
a recombinant LMV isolate expressing a GFP-tagged version
of its HcPro (LMV-GFPHC) (German-Retana et al., 2003).
Figure 5A–C shows that fluorescence from PAE1-YFP is observed
in both the cytoplasm and nuclei of healthy lettuce epidermal
cells (see also Fig. S2 in Supporting Information).

The subcellular localization of PAE1-YFP and GFP-HcPro
fusions in infected lettuce leaves post-inoculation was then
analysed. Figure 5D–G shows the same experiment performed in
the leaves of lettuce plants that had been pre-inoculated 3–4
weeks previously with the LMV-GFPHC recombinant isolate. As
shown in Fig. 5F, the GFP-HcPro fusion protein is mostly
observed in the cytoplasm of infected cells and tends to form
large and very bright aggregates often situated close to the cell
nucleus. These large aggregates (about 7 mm in diameter and
similar in size to the nucleus) are not artefacts caused by the
agroinfiltration procedure as they are also present in nonagroin-
filtrated leaves (Fig. S3, see Supporting Information). Interest-
ingly, when expressed in such LMV-GFPHC-infected cells, PAE1-
YFP is not only detected in the nucleus and cytoplasm, as in
healthy cells (Fig. 5A–C), but is also observed to significantly
relocalize to the GFP-HcPro aggregates in the cytosol (Fig. 5D–
G).Altogether, these results show that not only do PAE1-YFP and
GFP-HcPro interact in planta, but also that they colocalize when
PAE1-YFP is transiently expressed in LMV-GFPHC-infected
lettuce leaves.

Pae1 KO Arabidopsis plants are more susceptible
to LMV

We first evaluated whether PAE1 and PAE2 expression could be
altered during LMV infection. Both wild-type and single-KO
plants were either mock or LMV inoculated, and PAE1 and PAE2
gene expression was determined by quantitative reverse
transcriptase-polymerase chain reaction (RT-PCR) at 7, 14 and 21
days post-inoculation (dpi). Figure 6A shows that, at 21 dpi, LMV
infection does not induce any significant modification in PAE1
and PAE2 gene expression relative to mock-inoculated plants, in

Table 1 Quantification of the level of RNA degradation induced by a5

proteins and green fluorescent protein (GFP).

RNA degradation (%) Calmodulin LMV TMV

GFP 5 � 1.8 3 � 0.5 7 � 2
Wild-type a5 proteins
PAE1 47 � 6* 67 � 12* 78 � 2*
PAE2 46 � 10* 72 � 6* 83 � 0*
PAE1-derived mutant proteins
H99L 42 � 8 71 � 12 83 � 2

10.6 � 8 -6 � 12 2.6 � 2
E110G 30 � 8 41 � 13 58 � 14

36.2 � 8* 38.8 � 13* 25.6 � 14*
E110Y 22 � 10 19 � 12 45 � 6

53.2 � 10* 71.6 � 12* 42.3 � 6*

LMV, Lettuce mosaic virus; TMV, Tobacco mosaic virus.
For each substrate (calmodulin, LMV 3′-end and TMV 3′-end RNA substrates),
the level of remaining undigested RNA was quantified by measuring the
intensity of the bands (see Fig. 2) using ImageJ software (http://
rsbweb.nih.gov/ij/index.html).
The values obtained for all recombinant proteins were compared with the
mean value obtained for the three negative controls (RNA substrate incubated
in TBK240 buffer, RNA incubated in boiled TBK240 buffer and RNA without
any treatment before gel analysis). The deduced percentage of RNA degrada-
tion in the presence of each protein is given.
*Significantly different from the controls, determined using analysis of vari-
ance (ANOVA) as statistical test.
The mean values obtained for the mutant proteins (H99L, E110G and E110Y)
were compared with the values obtained for PAE1.The deduced percentage of
inhibition of RNase activity is given in the grey shaded boxes.
*Significantly different from PAE1, determined using ANOVA as statistical test.
At least three independent RNA digestion assays were performed using at
least two samples from at least two independent purification experiments of
each recombinant protein (wild-type and mutants).
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Fig. 3 Purified PAE1 expressed in Escherichia coli possesses a very low
RNase activity. Increasing amounts of purified PAE1 (0.1–1 mg, i.e.
3–30 pmol) were incubated with 16 pmol (1 mg) of in vitro-transcribed
LMV 3′-end RNA for 30 min at 37 °C in a final volume of 20 mL of TBK240
buffer. The products were then analysed on a 2% agarose denaturing gel,
and the percentage of remaining RNA was evaluated as described in Fig. 2.
Experiments 1 and 2 were performed with PAE1 protein from two
independent purification experiments.
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both wild-type and KO pae1 or pae2 plants. Similar results were
obtained at 7 and 14 dpi (data not shown).

As HcPro interacts in vivo with the proteasome a5 subunit
(this study) and inhibits its associated RNase activity in vitro
(Ballut et al., 2005), we aimed to determine whether the
single-KO mutations have an impact on viral infection. For this
purpose, we compared LMV accumulation in KO and wild-type
plants using quantitative RT-PCR analysis. Virus accumulation
was quantified at 7 dpi in inoculated leaves, and at 14 and
21 dpi in systemically infected leaves. Although the results
obtained for inoculated leaves were not reproducible, in systemi-
cally infected leaves at 21 dpi, LMV accumulation was 1.7–4.8-
fold higher in KO pae1 mutant plants than in wild-type plants
(Fig. 6B). LMV accumulation in KO pae2 mutant plants was
found to be significantly different from that in the wild-type in
only one experiment of the four performed (Fig. 6B).

Altogether, these results show that LMV infection has no
impact on the level of PAE gene expression in both wild-type and
KO mutants, and that the lack of expression of the PAE1 gene
induces a significant increase in viral accumulation.

DISCUSSION

Recombinant plant a5 subunits display an RNase
activity in vitro

Although described more than 10 years ago for the animal
proteasome (Pouch et al., 1995), proteasomal RNase activity is

still poorly characterized, in particular when it comes from plant
proteasomes. Previous results describing an endoribonucleolytic
activity associated with the sunflower 20S proteasome, and the
demonstration that it is active on viral RNAs and inhibited by
LMV HcPro (Ballut et al., 2005, 2003), provided the first evidence
of an RNAse activity associated with plant proteasomes. In
animals, such an activity was found to be associated with the a5

subunit purified from a 20S proteasome complex (Petit et al.,
1997). Thus, our first objective in this study was to determine
whether the same situation could apply to plant proteasomes.

In this study, we showed for the first time that an E. coli-
expressed a5 subunit of the Arabidopsis proteasome harbours an
RNase activity detectable in vitro. The potential association of a
contaminating RNase activity from E. coli in the samples of the
recombinant plant a5 protein [potentially undetected by sodium
dodecylsulphate-polyacrylamide gel electrophoresis (SDS-
PAGE)] can be excluded as: (i) a hexahistidine-tagged recombi-
nant GFP protein similarly expressed in E. coli and purified using
exactly the same procedure did not harbour such an activity; (ii)
mutation of a highly conserved glutamic acid residue predicted
to be located in the proteasome lumen inhibited the nuclease
activity of the Arabidopsis a5 subunit. In line with these obser-
vations, we also showed that denaturation of the a5 recombi-
nant protein by heat treatment (incubation at 100 °C) before
setting up the RNA degradation assay completely abolished the
associated RNase activity, which is not the case for other RNases,
such as RNase A. Moreover, the addition of low concentrations of
SDS (0.01%, p/v) to the TBK240 incubation buffer also abolished

Fig. 4 Visualization of the interaction between
the a5 subunits PAE1 and PAE2 and Lettuce
mosaic virus helper component proteinase
(LMV-HcPro) in onions cells using a bimolecular
fluorescence complementation (BiFC) assay. (A)
YN-HcPro + PAE1-YC. (C) YN-HcPro + PAE2-YC.
(E) Negative control: YN-HcPro alone. (A, C, E)
Yellow fluorescent protein (YFP) filter. (B, D, F)
Bright field images of the same cells.
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substrate degradation by the PAE1 and PAE2 proteins, but had
no effect on the degradation activity of RNase A. This sensitivity
to SDS and heat is in complete agreement with previous results
obtained for plant and animal 20S proteasomal RNase activity
(Ballut et al., 2003). In animals, it has been shown that protea-
somes washed with 8 M urea still harbour an RNase activity
(Petit et al., 1997), and this was confirmed in plants, as RNase
activity remained associated with the sunflower 20S proteasome
after washing with detergent (0.5% sodium laurylsarcosyl) and

6 M urea (Ballut et al., 2003). There are therefore several lines of
evidence arguing against the hypothesis of any RNase contami-
nation, demonstrating that plant proteasomal endonuclease is
an intrinsic activity of the 20S proteasome.

This study provides the first demonstration of an RNase activ-
ity associated with a free plant proteasome a5 subunit. Our
results are in agreement with those obtained by Petit et al.
(1997) and Jorgensen and Hendil (1999) in animals and humans,
who showed that free a5 subunits from calf liver and human

Fig. 5 Subcellular localization of PAE1-YFP and GFP-HcPro fusion proteins in cells of healthy and Lettuce mosaic virus (LMV)-infected leaves of Lactuca sativa
(lettuce). The PAE1-YFP-expressing construct was delivered by agroinfiltration into healthy plants and visualized by confocal microscopy 4 days after infiltration.
White arrows indicate the position of the nuclei identified by diamidino-2-phenylindole (DAPI) staining. (A) AtPAE1-YFP. (B) Nucleus stained with DAPI. (C)
Overlay images (A + B). The PAE1-YFP construct was delivered by agroinfiltration into LMV-GFP-HcPro-infected leaf areas. (D) PAE1-YFP. (E) Nucleus stained
with DAPI. (F) GFP-HcPro. (G) Overlay images (D + E + F). White arrows indicate PAE1-YFP localized in the cell nucleus, whereas yellow arrows indicate the
GFP-HcPro aggregates in the cytoplasm.
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erythrocyte extracts possess RNase activity in vitro. In HeLa cells,
a large proportion of a5 was found in the free state, in both
nuclei and cytoplasm, rather than incorporated into proteasomes
(Jorgensen and Hendil, 1999), but the physiological function of
the relatively abundant a5 monomers is not known. Interestingly,
the recombinant a5 homologue of Trypanosoma brucei 20S pro-
teasome, when expressed and purified from E. coli, demon-
strated spontaneous self-assembly into four stacked heptamer
rings, as revealed by electron microscopy (Yao et al., 1999).
Preliminary observations with the purified PAE1 and PAE2 prepa-

rations indicate that the a5 subunits are present as large mac-
romolecular complexes, but are not observed as structured rings
under the electron microscope (J. Walter and P. Bron, personal
communication).

The data obtained from the site-directed mutagenesis studies
of PAE1 revealed that mutation of a glutamic acid residue at
position 110 has a significant impact on the RNase activity
associated with a5, reducing it by as much as 73% and 42%
when using the LMV 3′-end and TMV 3′-end substrates, respec-
tively. However, this endonuclease activity was not so drastically
affected by a second mutation introduced at the same site
(E110G), an indication that E110 probably does not localize in
the active site itself, but may still play an important role in the
protein conformation suitable for RNase activity. This possibility
is further strengthened by site-directed mutagenesis performed
on recombinant rat a5 subunit. Mutation of a histidine residue at
position 155, which is also predicted to be localized at the
surface of the protein in the lumen of the 20S proteasome
according to Phyre analysis (Kelley and Sternberg, 2009), dra-
matically changed the nuclease activity but did not abolish it
(S. Badaoui and S. Apcher, personal communication).

The A. thaliana a5 RNase activity observed in the present
work is very low.A similar situation has also been pointed out for
both human a5 and 20S proteasome RNase activities (Jorgensen
and Hendil, 1999), and for the sunflower proteasome (S.
Badaoui, personal communication). This low activity could be
linked to the partial renaturation of the protein during the puri-
fication procedure. Another possibility is that of inappropriate
folding of the protein in the E. coli host, which could possibly be
linked to the fact that the majority of the expressed proteins
remained in the insoluble pellet following cell lysis. An alterna-
tive is that this low RNase activity could be an intrinsic property
of a5 itself, and possibly a result of the low activity observed in
20S proteasomes themselves.

Is there possible a5 substrate specificity?

The results reported here for the recombinant A. thaliana a5

show that it degrades efficiently both of the viral RNA substrates
used (TMV 3′-end and LMV 3′-end) and the nonviral calmodulin
substrate. These results are in partial agreement with those of
Ballut et al. (2003), who showed that TMV- and LMV-derived
RNAs were sensitive to degradation by the sunflower 20S pro-
teasome, whereas calmodulin mRNA was not. Our results are
also in general agreement with those showing that cytokine
mRNAs with AU-rich sequences and certain viral mRNAs are
good substrates for animal proteasomes (Jarrousse et al., 1999;
Pouch et al., 1995). Moreover, it has been demonstrated that the
translation of TMV genomic RNA is impeded in the presence of
20S proteasomes, whereas translation of cellular globin mRNAs
is not affected (Homma et al., 1994). More recently, Gautier-Bert
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Fig. 6 Relative quantification of pae1 and pae2 gene expression by
quantitative reverse transcriptase-polymerase chain reaction (RT-PCR). (A)
Expression of PAE genes in wild-type (Col0 WT) and mutant (KO pae)
Arabidopsis plants inoculated or not (mock) with Lettuce mosaic virus
(LMV). Gene expression was quantified in systemic leaves from five plants
at 21 days post-inoculation (dpi). Transcript levels were normalized to the
expression of transducin and actin 11 genes. The standard deviation from
three replicates is indicated by vertical lines. A chi-squared (c2) test was
performed to confirm that there is no significant difference between pae
gene expression in wild-type compared with KO pae plants. (B) LMV
accumulation in wild-type and KO mutant Arabidopsis plants. Virus
accumulation was measured by SYBR® Green real-time PCR after reverse
transcription of total RNA extracted from systemic leaves from five plants at
21 dpi. Results were normalized using transducin and actin 11 genes. The
standard deviation from three replicates is indicated by vertical lines. In the
experiment shown, the fold of enhanced viral accumulation in KO pae
plants relative to Col0 WT is indicated as 4.8 times for KO pae1 and 2.3
times for KO pae2. A chi-squared (c2) test was performed: the null
hypothesis (no significant difference between the expected and observed
results) was rejected, confirming the statistical significance of the difference
observed between the KO and wild-type plants.
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et al. (2003) showed that animal proteasomes strongly associate
with AU-rich sequences, forming RNA/20S complexes in vitro.

It has therefore been suggested that the 20S proteasome
could be involved in the decay of AUU-rich mRNAs, and that the
recognition signal for degradation could be linked to the pres-
ence of AUUUA sequences (Gautier-Bert et al., 2003; Jarrousse
et al., 1999). Interestingly, although multiple AUUU sequences
are present in the genomic RNA of TMV and LMV, both being
targets for proteasomal degradation (three AUUU repeats in the
TMV 3′-end and one repeat in the LMV 3′-end), they are not
present in the calmodulin RNA substrate, indicating that the
presence of such a sequence is not a prerequisite for degradation
by the a5-associated RNAse activity. Clearly more work is needed
to further delineate a potential role for AUUU repeats, or for
other sequence elements, in determining the potential specificity
of the 20S proteasome-associated RNAse activity.

Role of gene redundancy?

Each of the highly homologous copies of a5 in A. thaliana,
namely PAE1 and PAE2 (98.73% of amino acid identity), har-
bours an RNase activity detectable in vitro. Although the Arabi-
dopsis proteasome has a highly similar organization when
compared with its yeast and animal counterparts (Yang et al.,
2004), the main difference between the A. thaliana proteasome
and those from nonplants, is its heterogeneity, linked to the
existence of gene pairs for most of the a and b subunits.
Available microarray data show that the expression patterns of
PAE1 and PAE2 appear to be nearly identical in different plant
tissues, and that expression variations of these two genes
are highly coregulated (http://www.arabidopsis.leeds.ac.uk/act/
coexpanalyser.php#CO1). The fact that the homozygous KO
insertion mutants in the genes coding for PAE1 and PAE2 are
viable, whereas the double-KO mutant is not, further confirms
the existence of a functional redundancy between these two
genes.

HcPro–a5 interaction

Previous results have shown that the viral protein HcPro of LMV
can interfere with the proteasome-associated degradation
process (Ballut et al., 2005), suggesting that a regulation (or
modulation) of the proteasome 20S-associated RNase activity can
occur during viral infection. It is noteworthy that a modulation of
the proteolytic activity is similarly suggested by results showing
that the interaction between LMV HcPro and the sunflower 20S
proteasome results in a small,but significant,activation of at least
some of the proteasome activities (Ballut et al., 2005). HcPro,
when interacting with the 20S complex, could recognize and
interact with multiple a or b subunits. Such a hypothesis is in line
with the results of Jin et al. (2007), who showed an interaction

between HcPro of another potyvirus (PVY) and three other pro-
teasomal subunits: a1, b2 and b5. Although these authors were
unable to detect any interaction between a5 and the PVY HcPro
using the yeast two-hybrid screens, the use of this technique to
search for potential interactions is notorious for having a number
of limitations. Therefore, it is equally possible that the HcPro–a5

interaction reported here is virus specific, or that the HcPro–a5

interaction reported here also applies to PVY.
The HcPro–a5 interaction was observed in vivo using BiFC in

epidermal onion cells. In this system, both PAE1 and PAE2 iso-
forms interact efficiently with HcPro, further confirming that
these two very closely related proteins have essentially similar
properties. Similar results have been obtained using another
in vivo system involving turnip protoplasts electroporated with
the constructs PAE1-YC and YN-HcPro (M. Drücker, personal
communication).

The existence of an HcPro–a5 interaction was further con-
firmed by the partial relocalization of a5 to GFP-HcPro-
containing aggregates observed in LMV-infected lettuce leaves.
Although the exact nature of these aggregates is unknown, it is
generally accepted that all potyvirus-induced inclusions contain
nonstructural proteins that are functionally important for virus
replication, cell-to-cell movement or vector transmission (Shukla
et al., 1994). In PVY-infected tissues, using immunogold labelling
techniques, the HcPro protein was shown to be localized in
rod-shaped cytoplasmic inclusions, known as amorphous inclu-
sions (AIs) (Baunoch et al., 1990). Such HcPro-containing inclu-
sions have been reported to be induced by some other
potyviruses, and appear as irregularly shaped, mostly rounded,
masses possessing a homogeneous substructure of either finely
granular material or tubular, fibrillar or rod-like elements (Lese-
mann, 1988), raising the possibility that the aggregates observed
in LMV-GFPHC-infected cells could indeed be AIs. Whether these
cytoplasmic inclusions can be regarded as deposition sites of
excessively produced viral nonstructural proteins (Riedel et al.,
1998), or as having biological significance, remains to be eluci-
dated. The biological consequence, if any, of the partial relocal-
ization of a5 to the GFP-HcPro-labelled aggregates similarly
remains to be investigated. Indeed, for another plant virus
belonging to a different taxonomic group, Cauliflower mosaic
virus (CaMV), Khelifa et al. (2007) have recently demonstrated
that electrolucent inclusion bodies, mainly composed of the viral
helper component, are complex viral structures specialized for
aphid transmission. These authors suggested that viral inclusion
bodies other than viral factories, most often considered as
‘garbage cans’, can in fact exhibit specific functions (Khelifa
et al., 2007).

A central question raised by the multiple findings of potyviral
HcPro interactions with different 20S proteasome subunits (Jin
et al., 2007; this work) is that of the biological significance of
these interactions and, in particular, whether the RNase activity
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of a5 or other proteasome activities contribute to an antiviral
response that is countered by HcPro. Although little is known
about proteasome inhibition by plant viruses, there are numer-
ous examples of such a strategy for animal viruses, with human
immunodeficiency virus-1 (HIV-1) being a well-studied case. The
HIV Tat protein interacts in vitro and in vivo with the a3 and a7

subunits, with six b subunits, leading to the inhibition of protea-
some proteolytic activities in vivo (Apcher et al., 2003).

The results presented here, showing that At-pae1 KO A.
thaliana mutants display a significantly increased susceptibility
to LMV infection with respect to wild-type plants, with viral
accumulation at 21 dpi increased by a factor of 1.7–4.8, go in
this direction.

However, efforts are clearly needed to unravel the precise role
of a5, and to determine whether a5 RNase activity, shown in
vitro, may play an inhibitory role by affecting directly HcPro
function, or by the induction of an unknown defence mechanism
which might be compromised by HcPro.

EXPERIMENTAL PROCEDURES

Expression of A. thaliana a5 subunits and GFP
in E. coli

The wild-type coding sequences of the two A. thaliana a5

subunit isoforms [PAE1 (At1G53850) and PAE2 (At3G14290)]
were cloned into the vector pENTR/D-TOPO® (Invitrogen, Cergy
Pontoise, France) following RT-PCR amplifications performed on
total RNA extracted from Arabidopsis leaf tissues using TRI
Reagent (Sigma-Aldrich, St. Louis, MO, USA). The m5-GFP (modi-
fied GFP) coding sequence (GenBank Accession M62653) was
amplified using the primers listed in Table 1 and cloned into
pENTR/D-TOPO®. The PAE1 recombinant plasmid was used as a
template for PCR amplification to generate point mutations in
the PAE1 sequence using the QuickChange® site-directed
mutagenesis kit (Stratagene/Agilent Technologies, Santa Clara,
CA, USA).The mutations introduced were H99L, E110G or E110Y,
where the first letter indicates the residue in the wild-type
sequence and the second letter the residue present in the
mutated protein. The sequences of the amplification and
mutagenesis primers are listed in Table 2.

Using Gateway® Technology (Invitrogen), the coding regions
of each wild-type or mutant protein were transferred from
pENTR/D-TOPO® into the pDEST™17 destination vector to
allow the production of N-terminal fusions harbouring a 6 ¥ His
tag. The constructs were introduced into E. coli (strain BL21-AI)
for protein expression.

Recombinant proteins harbouring the 6 ¥ His tag were
expressed following the manufacturer’s instructions (Invitro-
gen). As a result of the insolubility of the expressed PAE pro-
teins, purification was performed under denaturing conditions.

For this, protein pellets were solubilized in TBK240 buffer
(20 mM Tris/HCl pH 7·4, 5 mM MgCl2, 240 mM KCl) containing
8 M urea. Following clarification, the solubilized proteins were
applied to a TALON® Superflow Resin (Clontech/Takara Bio
group, Otsu, Shiga, Japan), and urea was progressively elimi-
nated by rinsing the beads with TBK240 buffer containing
diminishing concentrations of urea. Protein purification was
then performed following the manufacturer’s instructions. After
elution in TBK240 buffer containing 500 mM imidazole, proteins
were extensively dialysed against TBK240 buffer and stored at
-80 °C until use.

Protein analysis

Recombinant GFP and PAE proteins were analysed by 15% SDS-
PAGE. Subsequent Western blots were performed using both
anti-6His mouse monoclonal antibodies (Sigma-Aldrich) or a
polyclonal rabbit anti-peptide antiserum (Eurogentec, Liège,
Belgium) directed against two PAE-derived peptides: SEGADSS-
LQEQFNK (amino acids 172–185) and RVETQNHRFSYGEPMT
(amino acids 93–108).

In vitro transcription

A 1-kb DNA fragment harbouring the 3′ end of the LMV genomic
RNA (LMV 3′), a 1.3-kb DNA fragment harbouring the 3′ end of
the TMV genomic RNA (TMV 3′) and a sunflower calmodulin
cDNA (Ballut et al., 2003) were used as transcription templates.
One microgram of each linearized plasmid was used for in vitro
transcription employing the mMESSAGE mMACHINE® HighYield
Capped RNA Transcription Kit (Ambion/Applied Biosystems,
Austin, TX, USA). After 3 h at 37 °C, the transcribed RNAs were
treated with DNase, purified on micro-spin columns (Harvard
Apparatus, Courtaboeuf, France), quantified by the measurement
of the optical density at 260 nm (OD260) and stored at -70 °C.

In vitro RNase assay

One microgram of each transcribed RNA, LMV 3′, TMV 3′ and
calmodulin (16, 14 and 34 pmol, respectively), was incubated
with 1 mg of each purified protein (30 pmol) in 20 mL of TBK240
buffer for 30 min at 37 °C.This 1:1 (mg) substrate to protein ratio
was chosen according to Ballut et al. (2003). Subsequently, 5 mL
of loading buffer [formamide, 50%; formaldehyde, 6%; xylene
cyanol, 0.25% p/v; bromophenol blue, 0.25% p/v; ethylenedi-
aminetetraacetic acid (EDTA), 10 mM; ethidium bromide,
0.5 mg/mL] were added to the reaction and, after 5 min of
heating at 85 °C, the products were analysed on a 2% MOPS–
agarose denaturing gel containing 6% formaldehyde. RNA deg-
radation was evaluated by measuring the intensity of the bands
corresponding to the various undigested substrates using ImageJ
software (http://rsbweb.nih.gov/ij/index.html).
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Statistical analyses

Single-factor analysis of variance (ANOVA) and regression analy-
sis were performed using R statistical software. Assumptions
concerning the homogeneity of variance and normality were
evaluated from an inspection of the residuals. The level and
significance of the differences between RNA degradation levels
when incubated with different proteins were evaluated by
Tukey’s test, assuming that the three degradation replicate reac-
tions approximated the variance between fully independent
observations.

BiFC assay

PAE1, PAE2 and LMV HcPro coding sequences cloned in pENTR/
D-TOPO® (Invitrogen) were individually recombined using the
Gateway® system into BiFC plasmids nEYFP/pUGW2, cEYFP/
pUGW2, nEYFP/pUGW0 and cEYFP/pUGW0 (Nakagawa et al.,
2007). In these plasmids, the interacting proteins are fused to
either the N-terminal part (amino acids 1–174; NY) or the

C-terminal part (amino acids 175–239; CY) of the enhanced YFP.
All BiFC constructs were confirmed by sequencing. For in vivo
interactions, a combination of the plasmids encoding HcPro and
PAE1 or HcPro and PAE2 (mixed at a 1:1 ratio, 2.5 mg each) was
adsorbed onto 1.6-mm gold particles and bombarded in onion
(Allium cepa) epidermal cells under 1100 psi helium pressure
using a Helios Gen Gun (Bio-Rad, Hercules, CA, USA) (three
replicates were made for each combination tested). Confocal
imaging was performed 14–18 h after bombardment using a
Leica TCS SP2 confocal microscope with a 20¥ dry objective and
LCS Lite Leica software (Leica Microsystems, Wetzlar, Germany).
The YFP fluorescence was assessed with excitation at 514 nm
using an argon laser, with an emission band of 549–602 nm.

In planta colocalization assay

For transient protein expression in lettuce leaves using
agroinfiltration, a binary pEarleyGate101-PAE1 vector was
prepared by transferring the PAE1 coding sequence from the
pENTR/D-TOPO® (Invitrogen) vector into the binary vector

Table 2 List of the oligonucleotides used in
this study.

Oligonucleotides used for the cloning of PAE1, PAE2 and m5-GFP coding sequences
Primer name

paeATG p 5′-CACCATGTTTCTCACTAG-3′
pae1 stop m 5′-TCAATCAAAGACGAGCGATG-3′
paeATG p 5′-CACCATGTTTCTCACTAG-3′
pae2 stop m 5′-TCACTTCATAGACGACTGATGACG-3′
GFP p 5′-CACCATGAGTAAAGGAGAAG-3′
GFP m 5′-TTATTTGTATAGTTCATC-3′

Oligonucleotides used for mutagenesis experiments of PAE1 subunit
Primer name

H 99 L fwd 5′-GAGTTGAAACTCAAAACTTGAGATTCTCGTATGGTG(SmlI)-3′
H 99 L rvs 5′-CACCATACGAGAATCTCAAGTTTTGAGTTTCAACTC(SmlI)-3′
E 110 G fwd 5′-AGCCGATGACTGTAGGATCCACAACACAAGCA(BamHI)-3′
E 110 G rvs 5′-TGCTTGTGTTGTGGATCCTACAGTCATCGGCT(BamHI)-3′
E 110 Y fwd 5′-AGCCGATGACTGTATACTCCACAACACAAGCA(AccI)-3′
E 110 Y rvs 5′-TGCTTGTGTTGTGGAGTATACAGTCATCGGCT(AccI)-3′

Oligonucleotides used for plant single mutant genotyping
Primer name

LP PAE1 TGCTACCTTGGCAATATCCAC
RP PAE1 TGATGATATATCAAGCAGAAGC
LP PAE2 TGGGGTTTTAAATTTTTGTTGTG
RP PAE2 TTTTTCCGACGTACAATGATG
LB TGGTTCACGTAGTGGGCCATCG

Oligonucleotides used for quantitative RT-PCR analysis
Primer name

Actin 11 fwd 5′-GCCATCAATAGTCCACAGGA-3′
Actin 11 rvs 5′-TGCAACAAAGTCGATGAACA-3′
Transducin fwd 5′-TGATGATGGGATGGTCAAG-3′
Transducin rvs 5′-TCAGAAAAAGTAAAACAACACAGG-3′
ncPAE1m 5′-GAATGACATGGGAGCCAAAAG-3′
nc PAE1p 5′-GGGTAATTTACCTATCAGCTTGTG-3′
nc PAE2m 5′-AAAACTCAACTCGATAAAATCC-3′
nc PAE2p 5′-CTCTTCCTGTTATCTTACCTTGTC-3′
LMV 4222m 5′-GCTAACGGACGAGTTGG-3′
LMV 4253p 5′-ATGACGTTCACTCGTGAAAC-3′
TuMV 353 F 5′-ACACGCCAGCAGCCTAACG-3′
TuMV 449R 5′-GCATCCTCAACACGGCATTCG-3′

The mutagenesis oligonucleotides were designed to introduce recognition sites for restriction endonucleases
used for screening purposes (recognition sites in bold, restriction endonucleases indicated in parentheses).
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pEarleyGate-101, thus allowing the production of a C-terminal
fusion of PAE1 in frame with YFP. For transient expression, the
undersides of lettuce leaves (Lactuca sativa cv. Trocadero) were
infiltrated essentially as described by Nicaise et al. (2003).

For the colocalization of a5 YFP and LMV GFP-HcPro, the
recombinant GFP-tagged virus LMV-GFPHC (GFP fused in frame
with the N-terminus of HcPro; German-Retana et al., 2003) was
inoculated into lettuce by biolistic bombardment (German-
Retana et al., 2008).After 3–4 weeks, the expression of GFP at the
whole-plant level was visualized using a 100-W, hand-held, long-
wave UV spotlight lamp (Model B-100; UV Products, Upland, CA,
USA). PAE1-YFP was then agroinfiltrated into the abaxial face of
the lettuce leaves in which fluorescence was detected. Four days
after agroinfiltration, the infiltrated areas were infiltrated again,
with 0.4 mM/mL diamidino-2-phenylindole (DAPI). Finally, micros-
copy observations were performed 5 h later, employing a confocal
Leica TCS SP2 microscope using ¥ 20 and ¥ 63 water immersion
objectives.The fluorescences of GFP,YFP and DAPI were assessed
separately with excitation at 488, 514 and 405 nm, respectively,
and emission bands of 492–511 nm, 549–602 nm and 410–
475 nm, respectively. In order to differentiate specifically GFP
from YFP fluorescence, GFP/YFP acquisitions were performed by
sequential image recording between frames according to the
manufacturer’s instructions and following the protocol described
in Raffaele et al. (2009).

Arabidopsis KO mutants

Arabidopsis thaliana Columbia-0 plants were grown in a glass-
house at 25 °C with a 16-h light period. Susceptibility assays
were performed on T-DNA insertion lines ordered from the SALK
collection: PAE1 (At1g53850) mutant, SALK151939; and PAE2
(At3g14290) mutant, SALK368326. The T-DNA insertion and the
homozygous state of the mutant lines were tested by PCR
of genomic DNA using primers defined on the SALK website
(http://signal.salk.edu/tdnaprimers.2.html) (Table 2). Homozy-
gous mutants were backcrossed once to wild-type plants, and
the F2 progeny were screened again for the homozygous state.
The absence of mRNA in each of the KO mutants was confirmed
by RT-PCR using the primer pair ncPAE1m/ncPAE1p and
ncPAE2m/ncPAE2p (Table 2) and the REDEXtract-N-Amp™ Plant
PCR kit (Sigma-Aldrich). No double mutants could be obtained
after crossing the relevant single mutants and selfing the F1

hybrid to obtain F2 progenies, showing that the double mutants
are lethal. The single mutants do not have an obvious phenotype
in growth or flowering.

Virus inoculation and detection

The isolate LMV-ExbaAF (Krause-Sakate et al., 2005) was
selected for its capacity to systemically infect Columbia-0.

Viruses were inoculated mechanically (Duprat et al., 2002), and
virus accumulation in inoculated and apical noninoculated
leaves (above the rosette leaves) was analysed by quantitative
RT-PCR.

Quantitative analysis by real-time PCR

For quantitative analysis of gene expression and virus accumu-
lation, total RNA was extracted using the SV Total RNA Isolation
System (Promega, Madison, WI, USA). The concentration and
purity of the extracted RNA were determined spectrophotometri-
cally. RNA samples were subjected to DNAse treatment using the
TURBO DNA-free™ kit (Ambion), reverse transcribed and used
for real-time PCR. Each sample was analysed in triplicate. Two
biological replications of the experiment were carried out, and
cDNA was synthesized four times, twice from two different sets
of at least five LMV- and mock-inoculated A. thaliana plants for
each condition.

cDNA synthesis was carried out in a final volume of 20 mL,
using 1 mg of total RNA, 5 mM of poly-dT primer and 50 units of
SuperScript™ II Reverse Transcriptase (Invitrogen). Real-time
PCRs were carried out in a final volume of 25 mL, using a SYBR
Green Fluorescein master mix (Abgene Limited, Epsom, UK) in an
I-Cycler thermal cycler (Bio-Rad), following the manufacturer’s
instructions. Each reaction contained 1 ¥ Absolute Blue
Sybrgreen Fluorescein Master mix (Abgene), 1 mM of forward
and reverse primers (Table 2) and a dilution of cDNA correspond-
ing to 50 ng of original RNA. To determine the optimal internal
reference for the normalization of gene expression, two house-
keeping genes supposed to have their transcriptional activity
unaltered during LMV infection were tested: actin 11
(At3g12110) and transducin (At2g26060). Primers for all target
sequences (Table 2) were designed using ‘Primer 3’ software.The
specificity of the amplicons was checked by melting curve analy-
sis. For data quality control, PCR amplification was analysed
through the assessment of the Ct value and amplification effi-
ciency. Expression levels were normalized to the actin and trans-
ducin genes, and relative quantification was performed using
GeNex software (Bio-Rad) from three replicates.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

Fig. S1 Amino acid sequence alignment of plant alpha-5
sequences. The two highly conserved amino acid residues iden-
tified according to a multiple alignment of alpha-5 amino-acid
sequences derived from 23 organisms are Histine (position 99)
and Glutamic acid (position 110).These amino acids are boxed in
the multiple alignment shown for Glycine max (soybean,
Q9M4T8), Oryza sativa (Rice, BAA96832) and Arabidopsis
thaliana (PAE1: At1g53850; PAE2: At3g14290).
Fig. S2 Subcellular localization of PAE1-YFP fusion protein in
cells of healthy leaves of Lactuca sativa (lettuce). The PAE1-
YFP-expressing construct was delivered by agroinfiltration in
healthy plants and visualized by confocal microscopy 4 days
after infiltration. White arrows indicate the position of the
nucleus.
Fig. S3 (A–C) Subcellular localization of GFP-HcPro in leaves of
Lactuca sativa (lettuce). (A) Yellow arrow indicates the GFP-
HcPro aggregates in the cytoplasm. (B) White arrows indicate the
nuclei stained with. (C) Overlay images (A + B). (D and E)
Subcellular localization of GFP-HcPro and PAE1-YFP fusion pro-
teins in cells of LMV-infected leaves of Lactuca sativa (lettuce).
The PAE1-YFP construct was delivered by agroinfiltration into
LMV-GFP-HcPro-infected leaves areas. (D) GFP-HcPro. (E) PAE1-
YFP. White arrow indicates the PAE1-YFP localized in the cell
nucleus, yellow arrow indicates the GFP-HcPro aggregate in the
cytoplasm. Scale bar – 27.06 mm.
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