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DBP factors (DNA-binding protein phosphatases)
are unique to plants but widely distributed in the plant
kingdom. The dual structure of DBP factors suggests
that, in addition to directly participating in transcrip-
tional regulation of specific genes by virtue of its
DNA-binding capacity, they may also be involved in
the regulation of other processes not directly related to
gene transcription, particularly in signal transduction
pathways. In support of this hypothesis a shuttling
mechanism from the nucleus to the cytosol has re-
cently been demonstrated for the dynamic localization
of the tobacco (Nicotiana tabacum) NtDBP1 protein
(Carrasco et al., 2006). In the model species Arabidop-
sis (Arabidopsis thaliana) four DBP factors have been
identified, with AtDBP1 being the closest structural
relative to tobacco NtDBP1, the first member of the
family to be isolated (Carrasco et al., 2005). AtDBP1
was found to bind DNA with similar specificity to
NtDBP1 and exhibit in vitro Mg2+-dependent protein
phosphatase activity as well.
Changes in plant physiology and metabolism that

occur as part of developmental programs or in re-
sponse to environmental stimuli result from specifi-
cally modulating gene function. Identifying the factors
responsible for this regulation and their mode of
action provides a key insight into any biological pro-
cess under study and is necessary to implement bio-
technological strategies directed to the improvement
of crop quality and performance. With the aim of
investigating the function of DBP factors, a reverse-
genetic approach was undertaken using Arabidopsis
plants homozygous for a T-DNA insertion in the first
intron of the AtDBP1 gene (SALK_005240; Alonso
et al., 2003; Fig. 1A). When gene expression was
analyzed in the mutant line by reverse transcription

(RT)-PCR, AtDBP1mRNAwas found to accumulate at
negligible levels as compared to Columbia-0 (Col-0)
wild-type plants (Fig. 1B). This remarkable reduction
in gene expression does not lead to any major observ-
able effect in plant architecture or growth habit in the
mutant plant (Fig. 1C). Loss ofAtDBP1 functionwould
be expected to alter gene expression and, eventually,
protein accumulation of its targets. Therefore, we
analyzed the proteome of the mutant in comparison
to that of Col-0 plants in search of proteins showing
differential accumulation due to the absence of
AtDBP1. Looking at the protein level should enable
us to identify both transcriptional and posttranscrip-
tional candidate targets of AtDBP1 function. Among
the differential spots detected by two-dimensional gel
electrophoresis showing a significant variation (at
least 3-fold) between the two genotypes, the transla-
tion initiation factor eIF(iso)4E was identified by mass
spectrometry and found to accumulate at a lower level
in the atdbp1 mutant when compared to Col-0 plants.
This observation was verified by western blot using a
specific polyclonal antiserum raised against Arabi-
dopsis eIF(iso)4E (Fig. 1D). This antiserum was pre-
viously shown to specifically recognize eIF(iso)4E
(Duprat et al., 2002). The reduction in eIF(iso)4E
abundance caused by loss of AtDBP1 function seems
to obey to a posttranscriptional regulatory mechanism,
since no significant difference in eIF(iso)4E gene
expression between Col-0 and atdbp1 plants was ob-
served at the mRNA level when analyzed by quanti-
tative RT-PCR (Fig. 1E).

eIF(iso)4E is a plant-specific isoform of eIF4E, and is
encoded in Arabidopsis by a single-copy gene. eIF4E
isoforms bind the cap structure present at the 5# end of
eukaryotic mRNAs and promote recruitment of addi-
tional factors and mRNA circularization, thereby en-
abling initiation of translation (Browning, 2004).
Interestingly, eIF4E and eIF(iso)4E have been selec-
tively implicated as key factors in recessive resistance
against potyviruses in many plant species (Robaglia
and Caranta, 2006). Mutations that abolish expression
of eIF(iso)4E have been reported to confer resistance to
Plum pox virus (PPV), Turnip mosaic virus (TuMV), and
Lettuce mosaic virus, whereas eIF4E disruption leads to
resistance to Clover yellow vein virus (Duprat et al.,
2002; Lellis et al., 2002; Sato et al., 2005; Decroocq et al.,
2006). The infections caused by potyviruses are re-
sponsible for numerous plant diseases that cause
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important economic losses in production and quality
of vegetable and ornamental crops worldwide. The
potyviral genome consists of a single-stranded polyA-
tailed positive RNA that at the 5# end lacks a cap
structure and instead is covalently bound to a virus-
encoded protein termed VPg. Both eIF4E and eIF(iso)
4E have been shown to physically interact with the
viral protein VPg. The ability of these proteins to
interact correlates with virus infectivity (Léonard et al.,
2000; Kang et al., 2005), and there is evidence
for coevolution between eIF4E and potyviral VPg
(Charron et al., 2008).

The lower accumulation of eIF(iso)4E in atdbp1
plants prompted us to analyze the response of this

mutant to infection by potyviruses. For that, Col-0 and
atdbp1 plants were inoculated with a GFP-tagged
version of PPV, and the progress of the infection was
monitored at different time points both in the inocu-
lated and in noninoculated systemic leaves. Viral
accumulation was first analyzed at the RNA level
using quantitative RT-PCR (Fig. 2A). Amplification of
a GFP-derived product from total RNA isolated from
systemic noninoculated leaves 20 d postinoculation
(dpi) showed a remarkable and consistent delay
in atdbp1 as compared to Col-0 plants, reflecting a
roughly 40-fold lower accumulation of viral RNA in
the mutant. This observation was further confirmed by
western blot by analyzing GFP protein accumulation
in systemic leaves of both genotypes. As shown in
Figure 2B, accumulation of GFP protein was lower in
systemic leaves of the atdbp1mutant 20 dpi. Moreover,
production of GFP during the viral cycle enabled us to
visually monitor the infection in situ by fluorescence
microscopy. Inspection of GFP distribution at different
time points after inoculation revealed that viral spread
was delayed in the atdbp1 mutant (Fig. 2C). In Col-0
plants, the virus accumulated in the vascular tissue of
the inoculated leaf and moved through the petiole
faster than in atdbp1 plants. Furthermore, noninocu-
lated leaves that were already severely infected in
Col-0 plants showed only incipient spread of the virus
in atdbp1 plants at every time point analyzed after
inoculation. As expected, resistance was even more
evident in an eif(iso)4e knockout mutant with no de-
tectable accumulation of the virus either in inoculated
or in systemic tissue as previously described (Duprat
et al., 2002; Lellis et al., 2002). These results suggest
that AtDBP1 function is required for successful pro-
gression of PPV infection, since although the virus is
able to replicate and move, thereby completing its
infective cycle, this appears to be impaired. Therefore,
we have identified AtDBP1 as a novel host factor
contributing to susceptibility to the potyvirus PPV in
Arabidopsis. It would be very interesting to find out
whether impairment of infection is only due to the
reduced level of eIF(iso)4E or whether there is an
additional implication of AtDBP1 during infection.
Work to answer this question is in progress.

To further characterize the enhanced resistance dis-
played by the atdbp1 mutant we also analyzed the
performance of atdbp1 plants against TuMV infection,
which causes more severe symptoms in Col-0 than
PPV. Although we still found some variability in
symptom development among different plants within
the same genotype, both vegetative and inflorescence
tissues in atdbp1 plants were again less affected by
TuMV infection than in Col-0 (Fig. 2D). These results
reinforce the biological relevance of the role of AtDBP1
during infection by potyviruses. Then the question
arises as to whether this resistant phenotype was
specific to potyviruses. For that reason, we challenged
atdbp1 mutant plants with Cucumber mosaic virus
(CMV). CMV belongs to a different viral family, Bromo-
viridae, genus Cucumovirus, and has a segmented ge-

Figure 1. Loss of AtDBP1 function does not compromise plant growth
and architecture. A, AtDBP1 gene structure showing localization of the
T-DNA insertion in the SALK_005240 (atdbp1) mutant line. B, RT-PCR
analysis of AtDBP1 expression in Col-0 and homozygous atdbp1
plants. Amplification of the housekeeping gene eEF1a is shown below
as control of RNA loading. C, Comparison of plant morphology and
architecture between Col-0 and atdbp1mutant plants. D, Western blot
of leaf extracts using a polyclonal antiserum raised against eIF(iso)4E.
Size of molecular markers is indicated on the left. E, RT-PCR analysis of
eIF(iso)4E and eEF1a expression in Col-0 and atdbp1 plants. Numbers
indicate relative signal intensity of the amplified products referred to
Col-0. [See online article for color version of this figure.]
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nome consisting of three single-stranded positive
RNAs, which bear a cap structure at the 5# end but
lack a 3# poly(A) tail. As shown in Supplemental Figure
S1, atdbp1 and Col-0 plants became similarly affected
after CMV inoculation. Infection was further analyzed

at the molecular level by quantitative RT-PCR and
western blot. Both CMVRNAs 2 and 3 and viral protein
accumulated at comparable levels in Col-0 and atdbp1
plants, indicating that CMV infection was not hindered
by AtDBP1 loss of function. CMV was previously
shown to infect eif(iso)4e plants as efficiently as Col-0
(Duprat et al., 2002). Thus, a virus that does not require
eIF(iso)4E for infection, also eludes the resistance
mechanism exhibited by the atdbp1 mutant. These
results further suggest that indeed the reduced accu-

Figure 2. atdbp1 mutant shows enhanced resistance to infection by
two potyviruses. A, Analysis of viral RNA accumulation in Col-0 and
atdbp1 plants after inoculation with GFP-tagged PPV. Total RNA from
infected noninoculated leaves was analyzed 20 dpi by quantitative RT-
PCR using primers specific for theGFP gene. ACTIN2/8 expression was
used as a control. Three independent experiments were performedwith
similar results. B, Western blot of leaf protein extracts before inocula-
tion (t0) and from noninoculated leaves 20 dpi (t20), immunodecorated
with a polyclonal antiserum against GFP. Migration of molecular mass
markers is indicated on the right. C, Analysis of viral spread in
inoculated (12 dpi, left sections) and systemic leaves (20 dpi, right
sections) of Col-0 (top) and eif(iso)4e (middle) and atdbp1 (bottom)
mutant plants by fluorescence microscopy for GFP detection. D,
atdbp1 mutant shows enhanced resistance to TuMV. Symptom devel-
opment 16 d after TuMV infection in Col-0 versus atdbp1 plants. [See
online article for color version of this figure.]

Figure 3. AtDBP1 interacts with and stabilizes eIF(iso)4E. A, Two-
hybrid assay. Yeast growth in medium containing (left) and lacking
(right) His (his). On top, a scheme of the structure of AtDBP1 and the
different modifications of the protein used in the assay is shown. Black
and gray boxes represent the N-terminal domain, containing the DNA-
binding motif, and the C-terminal protein phosphatase domain, re-
spectively. BD, GAL4-binding domain; AD, GAL4-activation domain;
AtDBP1Nt, AtDBP1 N-terminal domain; AtDBP1Phos, AtDBP1 protein
phosphatase domain; 3AT, 3-aminotriazol. B, Coimmunoprecipitation
of AtDBP1 and eIF(iso)4E. Protein extracts from Col-0 plants (1) and
plants expressing AtDBP1 fused to the HA (2) were immunoprecipi-
tated with a polyclonal antiserum against HA and the immunoprecip-
itated fractions were analyzed by western blot with an anti-eIF(iso)4E
antiserum. Asterisk denotes position of the eIF(iso)4E protein. C,
AtDBP1 reduces proteasome-mediated degradation of eIF(iso)4E.
Western blot using a polyclonal antiserum against Arabidopsis eIF
(iso)4E of leaf protein extracts after treatment with 100 mM MG-132. As
a control the same amount of the MG-132 solvent (dimethyl sulfoxide)
was added. Ponceau-S staining is shown below as loading control.
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mulation of eIF(iso)4E underlies the enhanced resis-
tance rendered by loss of AtDBP1 function.

Since compromising AtDBP1 function does not
seem to have any significant effect on eIF(iso)4E tran-
script synthesis and/or stability (Fig. 1E), the reduc-
tion in eIF(iso)4E protein accumulation suggests a
posttranslational mechanism that might probably in-
volve a direct interaction between AtDBP1 and eIF(iso)
4E. Using the yeast (Saccharomyces cerevisiae) two-
hybrid system, we demonstrated a specific physical
interaction between AtDBP1 and eIF(iso)4E (Fig. 3A)
that was confirmed in planta by coimmunoprecipita-
tion (Fig. 3B). Protein extracts derived from Col-0
plants and T1 individuals expressing a translational
fusion of AtDBP1 to the hemaglutinin epitope (HA)
were subjected to immunoprecipitation with anti-
HA antibodies, and the presence of eIF(iso)4E was
analyzed in the immunoprecipitate by western blot.
As shown in Figure 3A, the interaction required struc-
tural integrity of AtDBP1, since truncated forms
encompassing the two major domains of this protein
failed to interact with eIF(iso)4E. Thus, neither the
N-terminal domain of AtDBP1 (AtDBP1Nt), which
characteristically supports DNA binding of DBP fac-
tors, nor the C-terminal protein phosphatase domain
(AtDBP1Phos), was sufficient to mediate interaction
with eIF(iso)4E.

Since diminished AtDBP1 function resulted in re-
duced eIF(iso)4E protein accumulation, the interaction
with AtDBP1 could stabilize eIF(iso)4E and prevent its
degradation. To test this, we analyzed the effect of the
proteasome inhibitor MG-132 on eIF(iso)4E protein
abundance in Col-0 and in the atdbp1 mutant. Leaves
were cut from plants of both genotypes and incubated
in the presence of MG-132 as described in Supplemen-
tal Materials and Methods S1. Western-blot analysis of
protein crude extracts confirmed that proteasome in-
hibition led to a significant increase in the amount of
eIF(iso)4E protein in the atdbp1 mutant background
(Fig. 3C). Therefore, when AtDBP1 function is lacking,
eIF(iso)4E is more actively degraded via proteasome,
suggesting a stabilizing role for the interaction with
AtDBP1.

In this workwe demonstrate that AtDBP1, a protein-
phosphatase 2C of the recently described DNA-bind-
ing DBP family, directly interacts with eIF(iso)4E, and
that loss of AtDBP1 function results in an increased
rate of proteasome-mediated degradation and hence
reduced accumulation of eIF(iso)4E. This is a very
interesting and suggestive finding, since we have
proved a direct relationship between eIF(iso)4E, which
plays a determinant role during infection by potyvi-
ruses, and AtDBP1. Since viruses strictly depend on
the biochemical machinery of the host to accomplish
successful infection, absence or misfunction of key
host factors may prevent the virus from multiplying
and/or systemically moving inside the host (Dı́az-
Pendón et al., 2004), leading to recessive resistance.
Although many host factors must be required by the
virus during infection, the survey of both natural and

induced resistance alleles in different plant species has
repeatedly led to the identification of translation ini-
tiation factor eIF4E isoforms as major genetic determi-
nants of resistance to potyviruses (Duprat et al., 2002;
Lellis et al., 2002; Nicaise et al., 2003; Gao et al., 2004;
Yoshii et al., 2004; Ruffel et al., 2005; Robaglia and
Caranta, 2006; Maule et al., 2007). In addition, resis-
tance alleles obtained so far by mutagenesis in the
model species Arabidopsis turned out to encode eIF4E
or its plant-specific isoform eIF(iso)4E (Duprat et al.,
2002; Lellis et al., 2002; Yoshii et al., 2004). Only
recently, additional plant factors are being discovered
that support infection by potyviruses. Dunoyer et al.
(2004) reported on the identification of a Cys-rich
protein of unknown function that interacts with VPg
and acts as a host ancillary factor in movement of
potyviruses. Similarly, a DEAD-box RNA helicase has
been found to also interact with potyviral VPg to play
a critical albeit uncertain role during infection (Huang
et al., 2010). Our results have important implications in
terms of eIF(iso)4E function and potyviral infection
since we have identified a new host factor playing a
role during infection by two potyviruses, namely PPV
and TuMV, and, to our knowledge, provide the first
evidence for a proteasome-mediated regulation of eIF
(iso)4E. Thus, through the unveiling of a biological
context for AtDBP1 function, our work sheds light on
the molecular interplay and regulation that underlies
the plant-potyvirus interaction by involving DBP fac-
tors in this complex scenario.

How the observed AtDBP1-mediated eIF(iso)4E
regulation is accomplished, and what other molecular
components and signals participate in this complex
interaction remains to be elucidated. Moreover, down-
regulating DBP1 homologs from major crop species
potentially represents a novel and secure strategy for
engineering plants with a durable resistance to poty-
viruses. Research on all these aspects becomes our
priority for the future.
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