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ABSTRACT Plant viruses depend on a number of host factors for successful infection.
Deficiency of critical host factors confers recessively inherited viral resistance in plants.
For example, loss of Essential for poteXvirus Accumulation 1 (EXAT) in Arabidopsis thaliana
confers resistance to potexviruses. However, the molecular mechanism of how EXA1
assists potexvirus infection remains largely unknown. Previous studies reported that the
salicylic acid (SA) pathway is upregulated in exal mutants, and EXAT modulates hyper-
sensitive response-related cell death during EDS1-dependent effector-triggered immu-
nity. Here, we show that exal-mediated viral resistance is mostly independent of SA and
EDS1 pathways. We demonstrate that Arabidopsis EXA1 interacts with three members of
the eukaryotic translation initiation factor 4E (elF4E) family, elF4E1, elFiso4E, and novel
cap-binding protein (nCBP), through the elF4E-binding motif (4EBM). Expression of EXA1
in exal mutants restored infection by the potexvirus Plantago asiatica mosaic virus
(PIAMV), but EXA1 with mutations in 4EBM only partially restored infection. In virus inoc-
ulation experiments using Arabidopsis knockout mutants, EXA1 promoted PIAMV infec-
tion in concert with nCBP, but the functions of elFiso4E and nCBP in promoting PIAMV
infection were redundant. By contrast, the promotion of PIAMV infection by elF4E1 was,
at least partially, EXA1 independent. Taken together, our results imply that the interac-
tion of EXAT-elF4E family members is essential for efficient PIAMV multiplication,
although specific roles of three elF4E family members in PIAMV infection differ.

IMPORTANCE The genus Potexvirus comprises a group of plant RNA viruses, including
viruses that cause serious damage to agricultural crops. We previously showed that loss
of Essential for poteXvirus Accumulation 1 (EXAT) in Arabidopsis thaliana confers resistance
to potexviruses. EXA1 may thus play a critical role in the success of potexvirus infection;
hence, elucidation of its mechanism of action is crucial for understanding the infection
process of potexviruses and for effective viral control. Previous studies reported that loss
of EXA1 enhances plant immune responses, but our results indicate that this is not the
primary mechanism of exal-mediated viral resistance. Here, we show that Arabidopsis
EXAT1 assists infection by the potexvirus Plantago asiatica mosaic virus (PIAMV) by interact-
ing with the eukaryotic translation initiation factor 4E family. Our results imply that EXA1
contributes to PIAMV multiplication by regulating translation.

KEYWORDS host factor, plant virus, potexvirus, resistance

he genomes of plant viruses contain a limited number of genes; as such, infection
by these viruses is heavily dependent on host factors. Mutations or deletions in
genes encoding these host factors may result in viral resistance due to loss of suscepti-
bility. This type of resistance is inherited recessively and is thus called recessive resist-
ance. Recessive resistance genes make up about half of the natural resistance alleles
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found in crops (1) and are widely used in breeding because they confer durable resist-
ance. Thus, studies on host factors can contribute to understanding the mechanism of
viral infection and provide potential strategies for controlling viral diseases.

The most widely exploited recessive resistance genes are eukaryotic translation initia-
tion factor 4E (elF4E) family members, which account for roughly half of the identified re-
cessive resistance genes (1). elF4E family members are cap-binding proteins that are con-
served among eukaryotes, with three types of elF4E family members present in plants:
elF4E, elFiso4E, and novel cap-binding protein (nCBP) (2, 3). elF4E and elFiso4E interact
with elF4G and elFiso4G, respectively, to form the translation initiation complexes required
for cap-dependent mRNA translation (4). Resistance mediated by mutations or deletions of
elF4E or elFiso4E has been identified in various plants for a wide range of viruses of the
genera Potyvirus, Bymovirus, Polerovirus, Gammacarmovirus, Umbravirus, and Cucumovirus
(5-11). elF4E and elFiso4E are implicated in different stages of viral infection, including viral
genome translation, viral replication, cell-to-cell movement, and systemic infection (12-16).
Arabidopsis nCBP, another elF4E family member, interacts with wheat elFiso4G in yeast and
modestly promotes the translation of reporter mRNAs in vitro (17). Although the molecular
function of nCBP in planta has been poorly characterized, we previously showed that nCBP
deficiency in Arabidopsis thaliana delays infection by plantago asiatica mosaic virus (PIAMV;
genus Potexvirus, family Alphaflexiviridae), most likely due to reduced accumulation of the
viral proteins required for cell-to-cell movement (18). In addition, disruption of nCBP-1 and
nCBP-2 in cassava by genome editing suppresses infection by cassava brown streak virus
(genus Ipomovirus, family Potyviridae) (19). Thus, while elF4E family members are involved
in plant virus infection, their roles are not fully understood.

The genus Potexvirus comprises a group of positive-sense, single-stranded RNA viruses
belonging to the family Alphafiexiviridae and include viruses that cause serious damage to
crop production, such as PIAMV, pepino mosaic virus (PepMV), cymbidium mosaic virus
(CymMV), and potato virus X (PVX) (20, 21). We previously identified a susceptibility gene
for potexviruses, Essential for poteXvirus Accumulation 1 (EXAT) in A. thaliana (22). EXAT is
conserved among a wide range of plant species and is required for efficient accumulation
of many potexviruses, including PIAMV, PepMV, CymMV, and PVX and the closely related
lolium latent virus (LoLV; genus Lolavirus, family Alphaflexiviridae), in A. thaliana and in
Nicotiana benthamiana (22, 23). This implies that the essential role of EXA1 in viral infection
is conserved among these viruses. Accordingly, elucidating the role of EXAT in potexvirus
infection will enable the identification of determinants of successful infection by this group
of viruses and in turn the development of strategies to control them effectively. While cel-
lular accumulation of PIAMV is significantly reduced in EXA1-deficient A. thaliana plants
compared to in wild-type plants (22), the mechanism responsible for this trait is unknown.

Previous studies have shown that EXAT/MUSE11/PSIG1 is involved in the regulation
of plant immune responses. The salicylic acid (SA) pathway is upregulated in exal
mutants compared to in wild-type plants (24, 25). Following bacterial inoculation, cell
death via effector-triggered immunity (ETI) is enhanced in exal mutants compared to
in wild-type plants in an SA-independent manner (24). Both the SA and the ETI path-
ways are involved in plant viral defenses (26), including against potexviruses (27, 28).
These findings suggest that enhanced immune responses in exal mutants contributes
to exal-mediated resistance against potexviruses.

Plant EXA1 has two conserved motifs (22): a GYF domain that binds to proline-rich
sequences (29) and an elF4E-binding motif (4EBM) that binds to elF4E family members
(30, 31). This implies that EXAT interacts with elF4E family members, including nCBP, a
susceptibility factor for PIAMV described in our previous study (18). Indeed, Arabidopsis
EXA1 has been reported to interact with elF4E1 and elF4E1b in planta (25).

In this study, we analyzed the association between plant immune pathways and the
elF4E family and exal-mediated viral resistance. We show that the enhancement of
immune responses in exal mutants is not the primary mechanism of exal-mediated re-
sistance. Rather, the 4EBM of EXA1 is required for both efficient PIAMV accumulation
and the interaction between EXA1 and elF4E family members. In addition, elF4E family
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members assist PIAMV infection in a dependent or independent manner with EXAT.
Our results thus reveal the roles of EXA1 and elF4E family members in PIAMV infection.

RESULTS

exal-mediated viral resistance is independent of plant immune pathways. The
role of SA pathway activation in exal-mediated viral resistance was explored using the
Arabidopsis mutants sid2-2 (32), eds5-1 (33, 34), and NahG (35, 36), in which SA accumula-
tion is suppressed, and the double mutants exal-1 sid2-2 (24), exal-1 eds5-1, and exal-1
NahG. These mutants were mechanically inoculated with PIAMV-GFP (Fig. 1a), a green fluo-
rescent protein (GFP)-expressing derivative of PIAMV (18). Quantitative reverse transcrip-
tion-PCR (gRT-PCR) showed that expression of PR1, a marker gene of the SA pathway, was
significantly higher in exal-1 than in wild-type ecotype Columbia-0 (Col-0). PRT expression
levels in eds5-1, sid2-2, and NahG and in their double mutants with exal-1 were signifi-
cantly lower than in Col-0 (Fig. 1b), implying that the SA pathway was not activated in
these double mutants. GFP fluorescence representing foci of viral infection was observed
on the inoculated leaves of Col-0, sid2-2, eds5-1, and NahG at 6 days post-inoculation (dpi)
but not in the inoculated leaves of exal-1, exal-1 sid2-2, exal-1 eds5-1, and exal-1 NahG
(Fig. 1a). gRT-PCR confirmed that viral RNA levels in the double mutants were comparable
to those in exal-1 and significantly lower than those in either Col-0 or the SA-deficient
mutants (Fig. 1c). These results demonstrate that exa7-mediated viral resistance is not com-
promised by deficiency in the SA pathway.

We then investigated the relationship between exal-mediated viral resistance and
EDS1, which regulates the ETI pathway and basal defense (37). eds7-2 (38), a null mu-
tant of EDSI1, and exal-1 eds1-2 (24) were mechanically inoculated with PIAMV-GFP.
The fluorescence observed in the inoculated leaves at 6 dpi indicated that Col-0 and
eds1-2 were susceptible to PIAMV, whereas exal-1 and exal-1 eds1-2 were not (Fig. 1d).
gRT-PCR showed significantly higher viral RNA levels in eds1-2 than in Col-0 (Fig. 1e).
This result implies that the EDS1 pathway reduces PIAMV accumulation, similar to the
previously reported negative effect of EDS1 on the accumulation of bamboo mosaic vi-
rus (genus Potexvirus) in A. thaliana (39). Viral RNA levels in exal-1 eds1-2 were also sig-
nificantly higher than those in exal-1 but still significantly lower than those in edsi-2
(Fig. 1e). Thus, although the EDS1 pathway negatively regulated PIAMV accumulation
in exal-1, exal-mediated viral resistance was not compromised by deficiency in the
EDS1 pathway. Based on these results, the primary mechanism of exa’-mediated viral
resistance is independent of the enhancement of plant immune responses reported in
previous studies (24, 25).

EXA1 interacts with the three elF4E family members through the elF4E-binding
motif. We next investigated the association of the elF4E family with exal-mediated viral
resistance. A. thaliana has five elF4E proteins: elF4E1, elFiso4E, and nCBP and the elF4E1-
diverged Brassicaceae-specific elF4E1b and elF4E1c (17, 40). Expression of elF4E1b and
elF4E1c is at low levels in most tissues, but elF4E1b is upregulated in pollen and developing
embryos, implying its involvement in reproduction (40). Here, we focused on the interac-
tion of Arabidopsis EXA1 with three elF4E family members conserved throughout plants,
elF4E1, elFiso4E, and nCBP. In a yeast two-hybrid (Y2H) assay, the obvious growth of yeast
cells transformed with AD-EXATWT and BD-elF4E1, BD-elFiso4E, or BD-nCBP indicated that
EXA1 interacts with all three elF4E family members (Fig. 2c). However, when an EXA1 mu-
tant containing mutations in the 4EBM (EXA14¢*™) (Fig. 2a and b) was used in the same
assay, the yeast transformants did not grow (Fig. 2¢), indicating that EXA1 interacts with
the three elF4E family members through the 4EBM in yeast.

The interaction between EXAT1 and the elF4E family members in planta was further
examined in a coimmunoprecipitation (co-IP) assay. Due to difficulties in detecting full-
length EXA1 protein under the denaturing conditions suitable for immunoprecipitation, the
N-terminal region of EXA1 (EXA1'-676 WT) which still contains the 4EBM and the GYF domain,
was used instead (Fig. 2a). EXA1'-676 WT fused to a 3FLAG tag (EXA1'-676 WI-3FL AG), its
4EBM mutant (Fig. 2b) fused to a 3FLAG tag (EXA11-676 4ebm_3F| AG), or B-glucuroni-
dase (GUS) with a 3FLAG tag as a negative control was transiently coexpressed with
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FIG 1 exal-mediated viral resistance is independent of the salicylic acid (SA) and EDS1 pathways. (a) GFP
fluorescence of PIAMV-GFP in the inoculated leaves of SA- and EXA1-deficient A. thaliana mutant lines. The plants
were mechanically inoculated with PIAMV-GFP. Representative fluorescence images of the inoculated leaves at
6 days post-inoculation (dpi) are shown. (b and c) PR7 gene expression levels (b) and viral RNA levels (c) in PIAMV-
GFP-inoculated leaves. The samples shown in panel a were subjected to gRT-PCR to quantify RNA levels at 6 dpi.
The data are presented as the mean = standard error (SE) obtained from at least three independent repeat
experiments for each experimental plot. The mean in Col-0 was set as the standard (1.0). Statistically significant
differences are indicated by different letters (Steel-Dwass test, P < 0.05). (d) GFP fluorescence of PIAMV-GFP in the
inoculated leaves of EDS1- and EXAT-deficient A. thaliana mutant lines. The plants were mechanically inoculated
with PIAMV-GFP. Representative fluorescence images of the inoculated leaves at 6 dpi are shown. (e) Viral RNA
levels in PIAMV-GFP-inoculated leaves. The samples shown in panel d were subjected to qRT-PCR to quantify the
RNA levels at 6 dpi. The data are presented as the mean =+ SE obtained from at least two independent repeat
experiments for each experimental plot. The mean in Col-0 was set as the standard (1.0). Statistically significant
differences are indicated by different letters (Steel-Dwass test, P < 0.05).

each elF4E family member fused to a 3myc tag in N. benthamiana leaves and immu-
noprecipitated using an anti-FLAG antibody. While nCBP was clearly detected in the
immunoprecipitates of EXA1'676 WI-3FLAG, this was not the case with EXA17-676 4ebm.
3FLAG (Fig. 2d), indicating that nCBP interacts with EXA1 through the 4EBM in planta.
elF4E1 and elFiso4E were also specifically detected in the immunoprecipitates of
EXA11-676 WI.3FLAG, but the signal was weaker than that of nCBP (Fig. 2d), although
elFiso4E was not detected in some replicates. These results demonstrate that elF4E1
and elFiso4E can interact with EXA1 in planta.

The 4EBM of EXAT1 is required for efficient PIAMV accumulation. Both the Y2H
and the co-IP assays showed that the 4EBM of EXA1 was responsible for the interac-
tion with the three elF4E family members. To evaluate the importance of the 4EBM of
EXA1 in PIAMV infection, Col-0 mutant exa -1 was transformed with a genomic DNA
fragment of EXA1 containing the promoter region (EXAT,,,:EXATYT) or a 4EBM mutant
(EXAT,,,:EXAT#bm) (Fig. 2b). As previously reported (24, 25), exal-1 showed a mildly

pro
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FIG 2 EXA1 interacts with the three elF4E family members through the elF4E-binding motif (4EBM). (a) Schematic
structures of EXATWT and EXA1'%7® WT. White and gray boxes indicate the EXA1 coding region and motifs,
respectively. The numbers represent the amino acid positions. (b) Sequence alignment of the predicted 4EBM of
EXA1. The consensus sequence of 4EBM, the sequence of wild-type EXA1 (EXA1"T), and the sequence of the EXAT
mutant with alanine substitutions in the 4EBM (EXA14®™) are shown. X indicates any amino acid, and @ indicates a
hydrophobic amino acid. Hyphens indicate that the amino acid at that position was unchanged. The numbers
represent the amino acid positions. (c) Yeast two-hybrid (Y2H) assay of EXA1 and the three elF4E family members.
The yeast AH109 strain was cotransformed with Gal4-AD and Gal4-BD fusions of the proteins shown on the left.
Equal amounts of transformed yeast cells were spotted on -LW or -LWH + 3AT. This experiment was replicated
twice, with similar results. (d) Coimmunoprecipitation (co-IP) assay of EXAT and the three elF4E family members in
planta. The constructs shown at the top were transiently coexpressed with P19 in N. benthamiana and subjected to
co-IP. The input and anti-FLAG antibody immunoprecipitates were analyzed by Western blotting with anti-Myc and
anti-FLAG antibodies. Coomassie brilliant blue (CBB) staining is shown as the loading control. The experiment was
replicated four times and consistently yielded similar results, although in some replicates, elFiso4E was not detected
specifically in the immunoprecipitates of EXA1'¢76 WI-3FLAG.

dwarfed phenotype compared to Col-0 (Fig. 3a). Complementation with either
EXAT,,:EXATWT or EXAT,:EXAT4¢bm restored the growth of exal-1, although restora-
tion of the growth of exal-1 EXA1,,:EXAT"T in line 2 was weak (Fig. 3a). Western blot-
ting showed sufficient accumulation of EXAT protein in all of the complemented lines
(Fig. 3b). The complemented lines were mechanically inoculated with PIAMV-GFP.
Fluorescent foci representing viral infection were clearly observed on the inoculated leaves
of exal-1 EXA1,,;EXAT"T lines and resembled those present on Col-0, whereas the fluores-
cent foci of exal-1 EXA1,,;EXA1%™ lines were significantly smaller (Fig. 3c). gRT-PCR also
showed comparable levels of viral RNA in the exal-1 EXA1,,EXATY lines and Col-0,
whereas viral RNA levels in the exal-1 EXAT,;EXAT%b™ lines were significantly lower than
those in Col-0 and slightly higher than those in exal-1 (Fig. 3d). Together, these results
imply that the 4EBM of EXA1 is crucial for successful PIAMV infection.

Loss of elF4E family members inhibits PIAMV infection. Given the significance of
the 4EBM of EXAT1 in PIAMV infection, the role of each elF4E family member in PIAMV
infection was examined using the respective single or double mutants, with the
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FIG 3 The 4EBM of EXA1 is required for efficient PIAMV accumulation. (a) Representative photos of 4-week-old EXA1-
complemented lines. Scale bars, 2 ¢cm. (b) Protein accumulation of EXA1 in 4-week-old Col-0, exal-1, and EXA1-
complemented lines. Total protein was extracted from rosette leaves of each mutant line and analyzed by Western blotting
using specific antibodies. CBB staining is shown as the loading control. The experiment was replicated three times with
similar results. (c) GFP fluorescence of PIAMV-GFP in the inoculated leaves of EXA1-complemented lines. The plants were
mechanically inoculated with PIAMV-GFP. Representative fluorescence images of the inoculated leaves at 6 dpi are shown.
(d) Viral RNA levels in PIAMV-GFP-inoculated leaves. The samples shown in panel ¢ were subjected to gRT-PCR to quantify
the RNA levels at 6 dpi. The data are presented as the mean = SE obtained from three independent repeat experiments.
The mean in Col-0 was set as the standard (1.0). Statistically significant differences are indicated by different letters (Steel-
Dwass test, P < 0.05).

exception of a double mutant of elF4E1 and elFiso4E, which could not be tested
because of its lethality (40, 41). Both eif4e1 and ncbp-1 eif4el showed dwarfed pheno-
types compared to Col-0, while the growth of eifisode, ncbp-1, and ncbp-1 eifiso4e was
similar to that of Col-0 (Fig. 4a). Western blotting confirmed that the corresponding
elF4E family protein did not accumulate in each A. thaliana mutant line (Fig. 4b).
Increased accumulation of elF4E1 protein in the eifiso4e mutant compared to Col-0
was observed, as previously reported (42, 43), which was also the case in the ncbp-1
eifiso4e mutant. No obvious compensation for the loss of elF4ET or nCBP by other
elF4E family members was observed.

The wild-type and mutant plants were mechanically inoculated with PIAMV-GFP.
Fluorescent foci of infection of similar sizes were observed at 6 dpi on the inoculated leaves
of Col-0, eif4el, and eifisode, whereas the fluorescent foci on the inoculated leaves of ncbp-
1 and ncbp-1 eifiso4e were noticeably smaller than those of Col-0 (Fig. 4c). Furthermore,
few fluorescent foci were visible on ncbp-1 eif4el. qRT-PCR analysis showed significantly
lower viral RNA levels in eif4el and ncbp-1 than in Col-0 (Fig. 4d). Because the results
obtained with the eif4e1 mutant differed from those reported in a previous study (18),
another eif4el mutant with a transfer DNA (T-DNA) insertion (SALK_145583C) (Fig. S1a in
the supplemental material) was inoculated with PIAMV-GFP. Viral RNA levels in that eif4el
mutant were also significantly lower than those in Col-0, supporting the involvement of
elF4ET in PIAMV infection (Fig. S1b). The significantly lower viral RNA levels in ncbp-1 eif4e1
than in the ncbp-1 and eif4e1 mutants (Fig. 4d) can be explained by the additive reduction
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FIG 4 Loss of elF4E family members inhibits PIAMV infection. (a) Representative photos of 4-week-old elF4E
family-deficient mutant lines of A. thaliana. Scale bars, 2 cm. (b) Protein accumulation of elF4E family members
in 4-week-old Col-0, exal-1, and elF4E family-deficient mutant lines. Total protein was extracted from rosette
leaves of each mutant line and analyzed by Western blotting using specific antibodies. CBB staining is shown
as the loading control. The experiment was replicated twice with similar results. (c) GFP fluorescence of PIAMV-
GFP in the inoculated leaves of elF4E family-deficient A. thaliana mutant lines. The plants were mechanically
inoculated with PIAMV-GFP. Representative fluorescence images of the inoculated leaves at 6 dpi are shown.
(d) Viral RNA levels in PIAMV-GFP-inoculated leaves. The samples shown in panel c were subjected to gRT-PCR
to quantify the RNA levels at 6 dpi. The data are presented as the mean = SE obtained from at least four
independent repeat experiments for each experimental plot. The mean in Col-0 was set as the standard (1.0).
Statistically significant differences are indicated by different letters (Steel-Dwass test, P < 0.05). (e) Viral RNA
levels in PIAMV-GFP-ATGBp2-inoculated leaves of elF4E family-deficient A. thaliana mutant lines. Indicated plants
were mechanically inoculated with PIAMV-GFP, and RNA levels at 4 dpi were quantified by gqRT-PCR. The data
are presented as the mean = SE obtained from three independent repeat experiments. The mean in Col-0 was
set as the standard (1.0). Statistically significant differences are indicated by different letters (Steel-Dwass test,
P < 0.05).
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of PIAMV accumulation incurred by the loss of both nCBP and elF4E1. Viral RNA levels in
eifiso4e and Col-0 were comparable (Fig. 4d), implying that elFiso4E is less important for
PIAMV infection, although it also remains possible that increased elF4E1 protein accumula-
tion in eifiso4e (Fig. 4b) complements loss of elFiso4E to support viral accumulation.
Notably, viral RNA levels were significantly lower in ncbp-1 eifiso4e than in ncbp-1 (Fig. 4d).
Because the viral RNA levels in eifiso4e were similar to those in Col-0 (Fig. 4d), the contribu-
tion of elFiso4E to PIAMV infection may increase in response to loss of nCBP. This elFiso4E
contribution is not associated with changes in elF4E1 protein accumulation because the
increase in elF4E1 protein accumulation was observed not only in eifisode but also in ncbp-
1 eifiso4e (Fig. 4b). These results indicate that all three elF4E family members contribute to
PIAMV infection.

Because EXA1 is essential for PIAMV accumulation in plant cells (22), we examined
whether elF4E family members, as interaction partners of EXAT, are also important in
this process. In this experiment, PIAMV-GFP-ATGBp2, which lacks triple gene block pro-
tein 2 (TGBp2) (44), a movement protein required for viral cell-to-cell movement, was
used. Deficiency in cell-to-cell movement by PIAMV-GFP-ATGBp2 was confirmed by fol-
lowing the development of fluorescent foci of infection on the inoculated leaves (Fig.
S2). elF4E family-deficient mutant lines inoculated with PIAMV-GFP-ATGBp2 were sub-
jected to gRT-PCR, which showed that viral RNA levels in the inoculated leaves of eifi-
so4e at 4 dpi did not differ significantly from those in Col-0, whereas the viral RNA lev-
els in eif4e1 and ncbp-1 were significantly lower than those in Col-0 but not as low as
those in exal-1 (Fig. 4e), indicating the contribution of elF4E1 and nCBP to the cellular
accumulation of PIAMV. By contrast, in a previous study, there was no significant differ-
ence between PIAMV accumulation in protoplasts prepared from ncbp-1 and Col-0
(18). To reevaluate the importance of nCBP in the cellular accumulation of PIAMV,
PIAMV-GFP-ATGBp2 was inoculated into nCBP-complemented lines. The viral RNA lev-
els in those lines were significantly higher than those in ncbp-1 and did not differ sig-
nificantly from those in Col-0 (Fig. S3), confirming that nCBP is required for the efficient
cellular accumulation of PIAMV.

Relationship between EXA1-mediated and elF4E family-mediated viral resist-
ance. To investigate the relationship between EXA1 and three elF4E family members
in PIAMV infection, exal-1 was crossed with the eif4el, eifiso4e, and ncbp-1 mutants.
The growth of exal-1 eifiso4e and exal-1 ncbp-1 was similar to that of exal-1, while the
growth of exal-1 eif4el was dwarfed compared to that of exal-1 (Fig. 5a). When the
mutants were inoculated with PIAMV-GFP, the qRT-PCR analysis showed that the viral
RNA levels in the inoculated leaves of exal-1 eifiso4e at 6 dpi were comparable to those
in exal-1 (Fig. 5b). In contrast to the lower viral RNA levels in ncbp-1 than in Col-0 (Fig.
4d), the viral RNA levels in exal-1 ncbp-1 and exal-1 were not significantly different
(Fig. 5b), implying that the contribution of nCBP to PIAMV infection is EXA1 dependent.
By contrast, the viral RNA levels in exal-1 eif4el were significantly lower than those in
exal-1 (Fig. 5b). This result implies that loss of EXA1 and elF4E1 additively reduce
PIAMV accumulation, and that the contribution of elF4E1 to PIAMV infection is, at least
partially, independent of EXAT.

DISCUSSION

This study showed that exal-mediated viral resistance is independent of the
enhancement of plant immune responses and that EXA1 interacts with the three elF4E
family members. Those interactions appear to be crucial for PIAMV infection. elF4E
family members promote the cellular multiplication of PIAMV in a dependent or inde-
pendent manner with EXA1. Our results thus reveal the roles of EXA1 and elF4E family
members in promoting PIAMV infection.

Functional relationship between EXA1 and elF4E family members in PIAMV
infection. In previous studies, we identified EXA1 and nCBP as susceptibility factors for
PIAMV infection (18, 22). Here, we showed that EXA1 interacts with the three elF4E
family members through the 4EBM (Fig. 2c and d) and that the 4EBM of EXAT is
required for efficient PIAMV accumulation (Fig. 3c and d). These findings strongly
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FIG 5 Relationship between EXA1-mediated and elF4E family-mediated viral resistance. (a) Representative
photos of 5-week-old A. thaliana mutant lines deficient in elF4E family members and EXA1. Scale bar, 2 cm. (b)
Viral RNA levels in PIAMV-GFP-inoculated leaves of A. thaliana mutant lines deficient in elF4E family members
and EXA1. The plants were mechanically inoculated with PIAMV-GFP, and RNA levels were quantified by gRT-
PCR at 6 dpi. The data are presented as the mean = SE obtained from three independent repeat experiments.
The mean in Col-0 was set as the standard (1.0). Statistically significant differences are indicated by different

letters (Steel-Dwass test, P < 0.05).

suggest that the interaction between EXA1 and elF4E family members is required for
PIAMV infection. In support of this hypothesis, PIAMV accumulation was reduced by
loss of nCBP in the Col-0 background (Fig. 4d) but not by loss of nCBP in the exal-1
background (Fig. 5b), implying that nCBP contributes to PIAMV infection in an EXA1-
dependent manner. Despite comparable PIAMV accumulation in eifiso4e and Col-0,
PIAMV accumulation was significantly lower in ncbp-1 eifiso4e than in ncbp-1 (Fig. 4d),
which indicates a larger contribution of elFiso4E to PIAMV infection following the loss
of nCBP. Thus, the functions of elFiso4E and nCBP are partially redundant in their inter-
actions with EXA1. We also found that PIAMV accumulation was reduced by loss of
elF4E1 in both the Col-0 background (Fig. 4d) and the exal-1 background (Fig. 5b),
indicating that the contribution of elF4E1 to PIAMV infection is, at least partially, inde-
pendent of EXA1. Because elF4E1 is able to interact with EXA1 (Fig. 2c and d), it may
be that the functions of not only elFiso4E but also elF4E1 overlap with those of nCBP.
Our results thus provide evidence for the redundancy and the dependent or independ-
ent roles with EXA1 of elF4E family members during PIAMV infection (Fig. 6).

The necessity of nCBP and elF4E1 in the efficient cellular accumulation of
PIAMV. The reduction in PIAMV-GFP-ATGBp2 RNA levels following the loss of nCBP
(Fig. 4e) indicates that nCBP assists the cellular accumulation of PIAMV. However, a pre-
vious study showed that loss of nCBP delays cell-to-cell movement by PIAMV-GFP but
does not significantly affect PIAMV accumulation at the single-cell level (18). This dis-
crepancy can be explained by differences in experimental systems. In the previous
study, plasmids containing PIAMV expressed under the control of the constitutive 35S
promoter were introduced into protoplasts of A. thaliana (18), which may have resulted
in higher inoculation pressure than was the case following the mechanical inoculation
of PIAMV performed in this study. The necessity of nCBP in the efficient cellular accu-
mulation of PIAMV was confirmed by the recovery of PIAMV-GFP-ATGBp2 accumula-
tion in the nCBP-complemented lines (Fig. S3 in the supplemental material). Based on
the results of the present study, the delayed cell-to-cell movement of PIAMV-GFP
observed in the previous study (18) may have reflected reduced cellular accumulation
of PIAMV. However, the accumulation of TGBp2 and TGBp3, both of which are required
for the cell-to-cell movement of PIAMV, was less in ncbp-1 than in Col-0 (18), implying
that suppression of cell-to-cell movement also occurred in ncbp-1.

The reduction in RNA levels of PIAMV-GFP and PIAMV-GFP-ATGBp2 following the
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FIG 6 A proposed model for the roles of Arabidopsis EXA1 and the three elF4E family members in
PIAMV infection. nCBP assists PIAMV multiplication in concert with EXAT1, possibly via binding to the
5’ cap structure of viral RNA. The functions of elFiso4E and nCBP in their interaction with EXA1 are
partially redundant. elF4E1 assists PIAMV multiplication in an EXA1-independent manner. In addition,
EXA1 suppresses the SNC1-EDS1 pathway, which negatively regulates PIAMV accumulation, although
this is not the primary role of EXA1 in PIAMV infection.

loss of elF4E1 (Fig. 4d and e) indicates that elF4E1 also contributes to the cellular accu-
mulation of PIAMV. However, in a previous study, there was no significant difference
between PIAMV-GFP accumulation in eif4e1 and Col-0 (18). This discrepancy may have
been caused by differences in experimental conditions. Mechanical inoculation of
PIAMV-GFP was performed on 3-week-old eif4e1 and Col-0 plants in the previous study
(18) and on 4-week-old eif4e1 and Col-0 plants in the present study. In general, suscep-
tibility to pathogens, including viruses, varies depending on plant age (45). Differences
in the age of the plants used for virus inoculation may have affected the results.

The roles of EXA1 and elF4E family members in mRNA translation. elF4E1 and
elFiso4E play essential roles in cap-dependent mRNA translation via their interaction with
elF4G and elFiso4G, respectively (4). Additionally, elF4E1 and elFiso4E interact with CERES
and form a noncanonical translation initiation complex to boost mRNA translation when
intracellular metabolic and translational conditions are favorable (46). Since Arabidopsis
nCBP interacts with wheat elFiso4G in yeast and modestly promotes translation in vitro
(17), nCBP might play some role in translation initiation. However, the double loss of
Arabidopsis elFAE1 and elFiso4E is lethal, whereas loss of either of them is not lethal (40,
41), which indicates the essential and redundant roles of these two isoforms in plant
growth and the distinct role of nCBP.

As discussed above, our results suggest that the function of nCBP is dependent on
EXAT1, at least during PIAMV infection, and that elFiso4E and possibly elF4E1 are redun-
dant with nCBP in their interaction with EXA1. Because elF4E family members are cap-
binding proteins, elF4E family members interacting with EXA1 may bind to the cap
structure of MRNA. Indeed, both EXAT and elF4E family members are enriched by affin-
ity purification using m’GTP-Sepharose, an analog of the cap structure (47). In addition,
EXA1 has been shown to interact with a ribosomal protein, suggesting that EXA1 is
involved in translational regulation (25). As shown in Fig. 2c and d, the 4EBM of EXA1 is
required for interaction between EXA1 and elF4E family members. Because elF4G and
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elFiso4G also have the 4EBM (48, 49), EXA1 may compete with elF4G and elFiso4G in
its interaction with the elF4E family, just as human elF4E-binding proteins (4E-BPs)
have the 4EBM and compete with elF4G in their binding to elF4E (30, 50). If so, there
are two possible functions of EXA1 in translational regulation. One is that EXAT may
promote mRNA translation initiation by forming a noncanonical translation initiation
complex, such as that formed by CERES (46). Another possibility is that EXA1, together
with the elF4E family, inhibits mRNA translation initiation by competing with the
elF4E-elF4G and elFiso4E-elFiso4G complexes in binding to the mRNA cap structure. A
previous study has shown that loss of EXA1 in A. thaliana increases the protein accu-
mulation of immune receptors but does not affect their mRNA levels, suggesting that
EXA1 may suppress immune receptor accumulation through translational repression
(25). Thus, EXA1 appears to repress translation rather than promote it.

Further support for the function of Arabidopsis EXA1 with the elF4E family in transla-
tional regulation comes from studies in human cells. elFAE homologous protein (4EHP), an
nCBP ortholog in human cells (3), interacts with Grb10-interacting GYF protein 2 (GIGYF2)
(51), a GYF domain protein homologous to EXA1 (22, 25). GIGYF2 interacting with 4EHP
binds to the cap structure of specific mRNAs to induce translational repression and mRNA
decay (51-54).

Possible functions of EXA1 and elF4E family members in PIAMV infection. EXA1
represses the translation of SNC1 (25), a positive regulator of the EDS1 pathway (55, 56). In
this study, the EDS1 pathway was shown to negatively regulate PIAMV accumulation (Fig.
1e). These findings suggest that loss of EXAT promotes the SNC1-EDS1 pathway, thereby
preventing PIAMV infection. However, the absence of GFP fluorescence associated with vi-
ral infection in exal-1 eds1-2 (Fig. 1d) and the significant reduction in viral RNA levels in
exal-1 eds1-2 compared to eds7-2 (Fig. 1e) indicate that the primary mechanism of exal-
mediated viral resistance is independent of EDS1. Besides SNC1, some genes encoding
immune receptors involved in the NDR1-dependent ETI pathway may be regulated by
EXAT1 (25). The possibility that these or other unknown plant genes regulated by EXA1 indi-
rectly suppress PIAMV infection remains to be investigated.

Similar to plant mRNAs, genomic/subgenomic RNAs of potexviruses, including PIAMV,
have a cap structure at their 5’ end and a poly(A) tail at their 3’ end (57, 58). Thus, the
elF4E family interacting with EXA1 may bind to genomic/subgenomic RNAs of PIAMV. We
previously showed that the accumulation of TGBp2 and TGBp3, membrane proteins trans-
lated from subgenomic RNA1 of PIAMV (59), is reduced in ncbp-1 compared to in Col-0
(18). Therefore, EXA1 and nCBP may regulate the accumulation of TGBp2 and TGBp3. In
addition, EXA1 assists another stage of PIAMV infection that does not require TGBp2 and
TGBp3 because exal-mediated viral resistance is effective against 53U-RdRp, a PIAMV repli-
con that encodes only RNA-dependent RNA polymerase (RdRp) (22, 23). Because EXAT1 is
likely to be involved in translational regulation, as discussed above, EXAT may regulate ge-
nomic RNA translation during the translation-replication cycle of 53U-RdRp. The genomic
RNA of positive-stranded RNA viruses, including potexvirus, serves as a template for both
translation and replication. Although the replication protein must first be translated from
the genomic RNA, ribosomes translating in the 5’-to-3" direction inhibit minus-strand RNA
synthesis in the 3’-to-5" direction by the replication protein (60). Thus, translation must be
properly terminated before viral replication. As discussed above, EXA1, which interacts
with the elF4E family, may compete with the elF4E-elF4G and elFiso4E-elFiso4G complexes
for binding to the cap structure, thereby inhibiting translation initiation. EXAT may allow
PIAMV genomic RNA to switch from translation to replication by inhibiting translation ini-
tiation of genomic RNA.

Our results indicate a partial and EXAT-independent contribution of elF4E1 to
PIAMV infection (Fig. 5b). In viral infections of other genera, elF4E and elFiso4E are
implicated not only in viral genome translation but also in replication, cell-to-cell
movement, and systemic infection (12-16). Since loss of elF4E1 reduced accumulation
of PIAMV-GFP-ATGBp2 (Fig. 4e), elF4E1 assists PIAMV infection at least in the process
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before cell-to-cell movement, the mechanism of which remains to be analyzed in the
future.

MATERIALS AND METHODS

Plant materials and growth conditions. A. thaliana ecotype Columbia-0 (Col-0) was used as the
wild-type control. The Arabidopsis mutants exal-1 (SALK_005994C) (22), eds5-1 (CS3735) (33, 34), eifdel
(cum1-1) (11), eif4el (SALK_145583C) (61), and ncbp-1 (SALK_131503C) (18) were purchased from the
Arabidopsis Biological Resource Center (ABRC; The Ohio State University, Columbus, OH, USA). sid2-2 (32)
seeds were kindly provided by Kohki Yoshimoto (Meiji University, Japan), and eds7-2 (38) seeds were
provided by Shigeyuki Betsuyaku (Ryukoku University, Japan) and Jane Parker (Max Planck Institute for
Plant Breeding Research, Germany). eifiso4e (42), ncbp-1 eif4el (cum1-1), and ncbp-1 eifiso4e seeds were
kindly provided by Karen Browning and Laura Mayberry (University of Texas at Austin, USA). NahG-
expressing plants were generated by transforming Col-0 with NahG cloned into the pFASTO02 vector (62),
and exal-1 eds5-1, exal-1 NahG, exal-1 eif4el (cumi-1), exal-1 eifisode, and exal-1 ncbp-1 plants were
generated by crossing each mutant. The nCBP-complemented lines 1A and 3F were described previously
(18), as were exal-1 sid2-2 and exal-1 eds1-2 (24). A. thaliana and N. benthamiana were grown on soil
under 16-h light/8-h dark conditions at 22°C and 25°C, respectively.

Plasmid construction. A GFP-expressing derivative of PIAMV (PIAMV-GFP) (18) and PIAMV-GFP lack-
ing TGBp2 (PIAMV-GFPATGBp2) (44) were used for virus inoculation.

For the Y2H assay, cDNA fragments encoding elF4E1, elFiso4E, and nCBP were PCR amplified using
primer pairs pBK-elF4E-F/pGBKT7-elF4E-R2, pBK-elFiso4E-F/pGBKT7-elFiso4E-R2, and pGBKT7-AtnCBP-F/
PGBKT7-AtnCBP-R, respectively. The amplified fragments were assembled with Ndel- and EcoRI-digested
pPGBKT7 vector (Clontech) using Gibson Assembly master mix (New England Biolabs [NEB], Ipswich, MA,
USA) to obtain constructs expressing each protein fused with the Gal4-binding domain (pGBKT7-elF4E1,
pGBKT7-elFiso4E, and pGBKT7-nCBP). EXA1 fused with the Gal4-activating domain (pGADT7-EXATWT)
was obtained by amplifying the cDNA fragment encoding EXA1 using primers Sm-AT5G42950-1F and
CI-AT5G42950-5145R. The amplified fragment was digested with Xmal and Clal and inserted into the
PGADT7 AD vector (Clontech) digested with Xmal and Clal. A pGADT7-EXA1YT mutant with alanine sub-
stitutions in the 4EBM (pGADT7-EXA14¢*™) was generated by introducing a mutation into the plasmid
containing the c¢cDNA fragment of EXA1 by PCR using primers At5G42950-Y298A-303LLAA-F and
At5G42950-Y298A-303LLAA-R, followed by a second PCR using primers pAD-EXA1-1F and pAD-EXA1-
5145R. The amplified fragment was assembled using NEBuilder HiFi DNA assembly master mix (NEB)
with the DNA fragment of the pGADT7 AD vector (Clontech) and PCR amplified using the primer pair
pAD-EXA1-invF and pAD-EXA1-invR.

For the co-IP assay, cDNA fragments encoding elF4E1, elFiso4E, and nCBP were PCR amplified using
primer pairs Kp-At4E-1F/Nt-At4E-705R, Kp-Atiso4E-1F/Nt-Atiso4E-594R, and Kp-nCBP-1F/Nt-nCBP-663R, respec-
tively. The amplified fragments were digested with Kpnl and Notl and inserted into the Gateway Entry vector
PENTA (63) digested with Kpnl and Notl. The DNA sequence of GUS in the pBI121 vector (Clontech) was PCR
amplified using primers pENTA-GUSTF and EcV-GUS1809R and subcloned into pENTA. The partial cDNA
fragment of EXA1 (EXA1'67 WT) and its mutant in the 4EBM (EXA1'676 “ebm) were PCR amplified using the pri-
mers Sall-EXA1-1F and Nt-At5G42950-2028R. The amplified fragments were digested with Sall and Notl and
inserted into pENTA digested with Sall and Notl. Next, pENTA-cloned GUS, elF4E1, elFiso4E, nCBP, EXA11676 WT,
and EXA1'76 4ebm \were subcloned into pEarlyGateC3myc (a pEarlyGate-based vector modified to express
C-terminal triple c-Myc-tagged proteins) (64) or pEarlyGateC3FLAG (a pEarlyGate-based vector modified to
express C-terminal triple FLAG-tagged proteins) using the Gateway LR Clonase Il enzyme mix (Thermo Fisher
Scientific, Waltham, MA, USA). Efficient protein expression was achieved using p19, an RNA-silencing suppres-
sor from tomato bushy stunt virus cloned into pE7133-GW (44).

Plants were transformed using a genomic fragment of EXA1 containing the promoter region cloned
into pENTA (pENTA—EXAlp,O:EXAIWT) (22). The 4EBM alanine substitution mutant (PENTA-EXAT,,,:
EXA1%¢*™) was obtained by PCR amplifying two DNA fragments from pENTA-EXAT,,,:;EXAT*T using primer
pairs pENTR-insertF/At5G42950-Y298A-303LLAA-R and At5G42950-Y298A-303LLAA-F/pENTR-insertR2
followed by assembly using NEBuilder HiFi DNA assembly master mix (NEB). The NahG-expressing con-
struct was generated by PCR amplifying NahG from Pseudomonas putida using primers NahG_Fopt and
NahG_Ropt; the resulting fragment was inserted into pENTA using a GeneArt seamless cloning and as-
sembly kit (Thermo Fisher Scientific). The inserts in pENTA were subcloned into pFASTO1 or pFAST02
vectors (62) using Gateway LR Clonase Il enzyme mix (Thermo Fisher Scientific) to generate pFASTO1-
EXA1,,,;EXATYT, pFASTO1-EXAT,,:;EXAT%*™, and pFAST02-NahG. The primers used for molecular cloning
are listed in Table 1.

Virus inoculation. PIAMV-GFP and PIAMV-GFP-ATGBp2 were mechanically inoculated as described
previously (65). Agrobacterium tumefaciens strain EHA105 carrying the PIAMV-GFP or PIAMV-GFP-
ATGBp2 vector was infiltrated into N. benthamiana. The systemically infected leaves of PIAMV-GFP or
the inoculated leaves of PIAMV-GFP-ATGBp2 were ground in 0.1 M phosphate buffer (pH 7.0), to which
carborundum was then added. Rosette leaves of 4- or 5-week-old A. thaliana plants were rub inoculated
with the preparation.

Fluorescence microscopy. Fluorescence images of the inoculated leaves and infection foci were
obtained using an M165 FC fluorescence microscope, a DFC310 FX camera, and LAS software version
4.4.0 (Leica Microsystems, Wetzlar, Germany).

qRT-PCR analysis. Total RNA was extracted from the inoculated leaves and treated with DNase
using an ISOSPIN plant RNA kit (Nippon Gene, Japan). The RNA was then reverse transcribed using a
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TABLE 1 Primers used in this study

Journal of Virology

Primer name Primer sequence (5’ to 3')

pBK-elF4E-F TCAGAGGAGGACCTGCATATGATGGCGGTAGAAGACACTCCCAAATCTG
PGBKT7-elF4E-R2 TCGACGGATCCCCGGGAACTATCAAGCGGTGTAAGCGTTCTTTGC
pBK-elFiso4E-F TCAGAGGAGGACCTGCATATGATGGCGACCGATGATGTGAACGAGCCTC
PGBKT7-elFiso4E-R2 TCGACGGATCCCCGGGAACTATCAGACAGTGAACCGGCTTCTTCTG
PGBKT7-AtnCBP-F GAGGAGGACCTGCATATGGAGGTTTTGGATAGG

pGBKT7-AtnCBP-R ACGGATCCCCGGGAACTATCCTCTCAGCCATGTG

Sm-AT5G42950-1F TCCCCCGGGGATGGCTAACTCTTCCGCTGG

Cl-AT5G42950-5145R CCATCGATTCAGTCCTCAATTGTCTGAAT
At5G42950-Y298A-303LLAA-F ACCTCCCCATCTGAGAGCTAGCAGAATGAAAGCGGCGGATGTGTACAGG
At5G42950-Y298A-303LLAA-R CCTGTACACATCCGCCGCTTTCATTCTGCTAGCTCTCAGATGGGGAGGT
PAD-EXA1-1F GTGAATTCCACCCGGGGATGGCTAACTCTTCCGC

pAD-EXA1-5145R CGATGGATCCCGTATCGATTCAGTCCTCAATTGTCTG

pAD-EXAT1-invR GCGGAAGAGTTAGCCATCCCCGGGTGGAATTCAC

pAD-EXA1-invF CAGACAATTGAGGACTGAATCGATACGGGATCCATCG

Kp-At4E-1F CGGGGTACCGAATGGCGGTAGAAGACACTCC

Nt-At4E-705R ATAGTTTAGCGGCCGCGAAGCGGTGTAAGCGTTCTTTG

Kp-Atiso4E-1F CGGGGTACCGAATGGCGACCGATGATGTGAA

Nt-Atiso4E-594R ATAGTTTAGCGGCCGCGAGACAGTGAACCGGCTTCTTC

Kp-nCBP-1F CGGGGTACCGAATGGAGGTTTTGGATAGGAGA

Nt-nCBP-663R ATAGTTTAGCGGCCGCGATCCTCTCAGCCATGTGTTTC

PENTA-GUSTF AATTCAGTCGACTGGATCATGTTACGTCCTGTAGAAACC
EcV-GUS1809R AAGCTGGGTCTAGATATCTTTGTTTGCCTCCCTGCTGCG

Sall-EXA1-1F CGGAATTCGTCGACAATGGCTAACTCTTCCGCTGG
Nt-At5G42950-2028R ATAGTTTAGCGGCCGCGAAGATGAATTGGTCAGACCC

PENTR-insertF AGTTACTTAAGCTCGGGCCC

PENTR-insertR2 GGGCCCGAGCTTAAGTAACT

NahG_Fopt AAGGAACCAATTCAGTCATGAAGAATAACAAGCTTGGACTCAG
NahG_Ropt AAGCTGGGTCTAGATTCAGCCTTGTCTTAACGCTCCTCCT

PIRep-F3 AATCCCCAGACTTCCATGAGCACC

PIRep-R3 TTTTCTTTGCGCCGAGCTTCTC

Actin2_F GCACCCTGTTCTTCTTACCG

Actin2_R AACCCTCGTAGATTGGCACA

PR-1_qgF TCACAACCAGGCACGAGGAG

PR-1_qgR CACCGCTACCCCAGGCTAAG

high-capacity cDNA reverse transcription kit (Thermo Fisher Scientific, Waltham, MA, USA). The amounts
of viral RNA, ACT2, and PRT were quantified by qRT-PCR using a thermal cycler Dice real-time system
(TaKaRa, Shiga, Japan) with TB green premix Ex Taq Il (TaKaRa). ACT2 served as an internal control. For
the qRT-PCR of viral RNA, the primers were designed for the RdRp coding region, such that only genom-
ic RNA, not subgenomic RNA, was quantified. The sequences of the primers used in the qRT-PCR (PIRep-
F3 and PIRep-R3 for viral RNA, Actin2_F and Actin2_R for ACT2, and PR-1_gF and PR-1_gR for PR17) are
listed in Table 1. The statistical analysis was based on the Steel-Dwass test.

Y2H assay. The Y2H assay was performed using the Matchmaker GAL4 two-hybrid system 3 (Clontech).
The yeast AH109 strain was cotransformed with pGADT7-EXA1T or pGADT7-EXA14®™ and pGBKT7-elF4E1,
pPGBKT7-elFiso4E, pGBKT7-nCBP, or pGBKT7. Successful cotransformants were selected on synthetically
defined (SD) medium lacking Leu/Trp (-LW). To evaluate the protein interaction, cotransformants were
cultured on -LW and on SD medium lacking Leu/Trp/His and containing 20 mM 3-amino-1,24-triazole
(Sigma-Aldrich, St. Louis, MO, USA) (—LWH+3AT). The plates were incubated at 30°C for 4 days.

Plant total protein extraction and co-IP assay. For the detection of EXA1 protein, equal amounts
of rosette leaves were ground in liquid nitrogen and suspended in SDS-PAGE sample buffer (62.5 mM
Tris-HCI [pH 6.8], 2% SDS, 5% 3-mercapto-1,2-propanediol, 10% glycerol, and 0.0025% bromophenol
blue) with 8 M urea. The extract was centrifuged at 1,000 x g for 10 min to remove debris. The superna-
tant was incubated at 95°C for 5 min and analyzed by Western blotting. For the detection of elF4E family
proteins, equal amounts of rosette leaves were ground in liquid nitrogen and suspended in SDS-PAGE
sample buffer. The extract was centrifuged at 15,000 x g for 10 min. The supernatant was incubated at
95°C for 5 min and analyzed by Western blotting.

For the co-IP assay, 3FLAG-tagged proteins, 3myc-tagged proteins, and P19 were transiently coex-
pressed by agroinfiltration in N. benthamiana. The agroinfiltrated leaves were ground in lysis buffer
(50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% 3-mercapto-
1,2-propanediol, 20% glycerol, and 1 tablet of complete mini protease inhibitor cocktail [Roche] per
10 mL) and centrifuged twice at 12,000 x g for 10 min at 4°C to remove debris. The supernatant was
mixed with SDS-PAGE loading buffer, and the proteins in the sample were denatured by heat shock at
95°C for 5 min (input). An aliquot was then mixed with anti-FLAG M2 magnetic beads (M8823, Sigma-
Aldrich) for at least 2 h at 4°C. The beads were washed six times with wash buffer (50 mM Tris-HCI [pH
7.5], 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 20% glycerol) and mixed with
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SDS-PAGE loading buffer. Immunoprecipitated protein was eluted by heat shock at 95°C for 5 min. Input

and immunoprecipitated protein samples were analyzed by Western blotting.

EXA1

Western blotting. Protein samples were separated by SDS-PAGE and blotted onto a polyvinylidene
difluoride (PVDF) membranes. EXA1 and nCBP proteins were detected using anti-EXA1 (22) and anti-
nCBP (18) antibodies as previously described. elF4E1 and elFiso4E proteins were detected using anti-
elF4E1 (40) and anti-elFiso4E (42) antibodies, which were kindly provided by Karen Browning and Laura
Mayberry (University of Texas at Austin, USA). The 3FLAG- and 3myc-tagged proteins were detected
using anti-FLAG (clone M2; Sigma-Aldrich) and anti-Myc (clone 4A6; Millipore, Billerica, MA, USA) anti-
bodies. The membrane was stained with Coomassie brilliant blue (CBB) for the loading control.

Plant transformation. A. tumefaciens strain EHA105 was transformed with pFAST02-NahG, pFASTO1-

EXATYT, or pFASTO1-EXAT

pro pro
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