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Abstract

Translation is a fundamental step in gene expression that regulates multiple developmental and
stress responses. One key step of translation initiation is the association between elF4E and elF4G.
This process is regulated in different eukaryotes by proteins that bind to elF4E; however, evidence
of elF4E interacting proteins able to regulate translation is missing in plants. Here, we report the
discovery of CERES, a plant elF4E interacting protein. CERES contains an LRR domain and a
canonical elF4E binding site (4E-BS). Although the CERES/elF4E complex does not include
elF4G, CERES forms part of cap-binding complexes, interacts with elF4A, PABP and elF3 and
co-sediments with translation initiation complexes /n vivo. Moreover, CERES promotes translation
in vitro and general translation /in vivo, while it modulates the translation of specific MRNAs
related to light- and carbohydrate-response. These data suggest that CERES is a non-canonical
translation initiation factor that modulates translation in plants.
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Most eukaryotic mMRNAs are translated by a cap-dependent mechanism, whereby the 5”-cap
structure (m’GpppN, where N is any nucleotide) is recognised by the eukaryotic translation
initiation factor 4E (elF4E). elF4E forms a complex with elF4G, a scaffolding protein that
interacts with the DEAD-box RNA helicase elF4A. The association of elF4E, elF4G and
elF4A generates the so-called elF4F complex. In addition, elF4G also binds to, among other
factors, the poly(A)-binding protein (PABP) and elF3, which allow mRNA recircularisation
and the loading of the 43S preinitiation complex, leading to translation initiation 1-3.

Due to its crucial role in recruiting mRNAs to the ribosome, the elF4E/elF4G interaction is a
central target of translational control in different eukaryotes. elF4G interacts with the dorsal
surface of elF4E through the so-called elF4E-binding site (4E-BS). This motif is
characterised by a minimal canonical sequence YXXXXL¢ (where X is any residue and ¢ is
any hydrophobic amino acid). This sequence, which has been recently extended to YX(R/
K)XXL¢(R/K/Q) 4, is also found in different elF4E interacting proteins 2, such as the 4E-
binding proteins (4E-BPs), EAP1, p20, Cup and Neuroguidin, which generally function as
translational repressors by acting as competitive inhibitors of elF4G binding 6-12.

Plants are characterised by the presence of two distinct isoforms of elF4E (named elF4E and
elF(is0)4E). These elFAE isoforms selectively engage with elF4G and elF(is0)4G in the
elF4F and elF(iso)4F complexes, respectively 1314, Along with these complexes, elF4A has
been shown to be part of the cap-binding complex in Arabidopsis proliferating cells 1°.

In plants, translation is highly regulated during different developmental programs and in
response to multiple stimuli 16-18, Among these stimuli, different studies have reported that
translation cycles in response to light 14-21, Despite the well-known relevance of regulation
of translation in plants, the mechanisms involved in translational control in these eukaryotes
remain mainly unknown. In this sense, different studies have pointed out that some of the
main mechanisms for translation regulation in mammals and fungi are missing in plants and
some others that seem to be conserved show a different level of specialisation 2223,
Interestingly, one of the mechanisms whose existence has been continuously questioned in
the plant kingdom is the one that regulates in other eukaryotes the formation of the elF4E/
elF4G complexes through the competitive binding to elF4E14:24, Indeed, no clear
homologues of the yeast and metazoan elF4E translational regulators have been found in
plant genomes to date 6-12.25 More importantly, it has been described that in plants the
interaction between the components of the elF4F and elF(iso)4F complexes is at the
nanomolar to subnanomolar level, which makes unlikely that these complexes readily
dissociate once formed 13. In addition, although different proteins that contain a canonical
4E-BS and bind elF4E and elF(iso)4E have been described in Arabidopsis and wheat (such
as LOX2, BTF3, CBE1 or EXA1) 26-30 their direct role in translation has not been proven,
leaving the existence of possible analogues or completely new elF4E translational regulators
unexplored.

In this study, we describe the existence of a novel elF4E interacting protein (called CERES).
Our results indicate that CERES acts as a non-canonical translation initiation factor that
interacts with elF4E isoforms (through a conserved 4E-BS) and, in the absence of elFAG
isoforms, recruits elF4A, elF3 and PABP. The effect of CERES in translation is observed at
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specific stages of the diurnal cycle, such as zeitgeber time 5, ZT5, a condition where the
metabolic and nutritional status of the plant is at its highest level or close to it. At this time
point, polysomal profiles and super-resolution ribosome profiling suggest that CERES
boosts general translation and fine-tunes the specific translation of a set of mMRNAs involved
in light response and saccharide management. Consistent with this observation, ceres
mutants show a hypersensitive phenotype in response to high glucose concentrations. These
data suggest that, in contrast to other elF4E interacting proteins, which mainly inhibit
translation in other eukaryotes, CERES boosts general translation at ZT5, when metabolic
and translational conditions are favourable in the cell.

CERES is an uncharacterised elF4E interacting protein in plants

In order to identify proteins that could interact with AtelF4E and could modulate its function
in translation in plants, we performed a yeast two-hybrid screening of an Arabidopsis Gal4
expression library using the full-length AtelF4E1 as bait. This analysis yielded 45 positive
clones able to grow in highly stringent selective medium. Among them, we retrieved a
partial cDNA clone of AtelF4G encompassing the elF4G’s 4E-BS, which indicated that our
screening was valid to identify elF4E interacting proteins. In addition to elF4G, a high
percentage of these positive clones (20 out of 45) corresponded to partial cDNA clones of an
Arabidopsis protein (At4g23840) predicted to belong to the Leucine-rich repeat (LRR)
family. This uncharacterised protein was named CERES after the Roman goddess of
agriculture. As shown in Fig. 1a, the growth of the original clones expressing elF4E1 and
the truncated versions of CERES or elF4G was maintained at high concentrations of 3-
amino-1,2,4-triazole (3-AT). In addition, the interaction between full-length CERES and
elF4E1 and elF(iso)4E was confirmed using CERES as bait by directed two-hybrid assays
(Fig. 1b and Extended Data Fig. 1a), demonstrating that CERES interacts with elF4E1 and
AtelF(is0)4E in the yeast two-hybrid system.

CERES localises at the same subcellular locations as the elF4E proteins and interacts with
elF4E1 and elF(iso)4E in planta

In order to further characterise CERES interaction with elF4E1 and elF(iso)4E /n planta, we
firstly evaluated if CERES shares the same subcellular localisation as these translation
initiation factors. To do so, the construct pCERES.CERES-GFP was transiently expressed in
N. benthamiana leaves, where the correct size and integrity of the fusion protein was tested
(Extended Data Fig. 2a). As shown in Fig. 1c upper panel, and consistent with the predicted
localisation in the SUBA database, CERES is localised in the cytoplasm and the nucleus. To
further corroborate that this localisation is the same as the one displayed by the elF4E
translation initiation factors, we repeated the same experiment co-expressing the constructs
PCERES.CERES-GFPalong with p35S:RFP-elF4E£1. As shown in Fig. 1c bottom panels,
both proteins are specifically localised in the cytoplasm and nucleus, sharing the same
subcellular localisation. These results along with the yeast two-hybrid data reinforced our
hypothesis that CERES could interact with elFAEs in planta.
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To definitively verify their possible interaction /in vivo, we agroinfiltrated . benthamiana
leaves with different combinations of the constructs p355.HA-CERES, p35S.Flag-elF4E1
and p35S.Flag-elF(iso)4E and we carried out elF4E1 or elF(iso)4E immunoprecipitations
using anti-Flag beads. As shown in Fig. 1d, CERES is only co-immunoprecipitated in the
presence of elF4E1 and elF(iso)4E. Similar results were obtained when the epitopes fused to
the proteins were swapped and CERES was immunoprecipitated (Extended Data Fig. 1b).
These data demonstrate that CERES interacts with elF4E1 and elF(iso)4E /n planta.

CERES seems to be a plant-specific protein and contains a highly conserved 4E-BS

CERES encodes a 597 aa protein with a predicted molecular mass of 65.76 kDa and
contains 15 LRR repetitions that stretch from the amino acid 88 to 510 (Fig. 2a).
Interestingly, CERES also shows an YNREELVALQ motif (amino acids 563-572) that
matches the extended consensus sequence of the canonical elF4E binding site [YX(R/
K)XXL$XX(R/K/Q)] (Fig. 2b). This domain was present in all the truncated original clones
obtained in the yeast two-hybrid screening. No other paralogues have been found in the
Arabidopsis databases, revealing that CERES is a single-copy gene in this plant species.
gRT-PCR analysis of CERES mRNA expression showed that this novel gene is expressed in
whole seedlings and seedlings” roots, leaves, stem and flowers from adult plants (Extended
Data Fig. 3).

No CERES orthologues (in terms of proteins sharing high homology with the CERES” LRR
domains that also contain a canonical 4E-BS) were identified by BLAST analysis in other
eukaryotes outside the plant kingdom. In contrast, this analysis retrieved CERES
homologues in all analysed plant genomes from bryophytes to angiosperms. These proteins
share >35% identity and >95% coverage with AtCERES, with the exception of Picea
sitchensis CERES, which has a lower coverage (73%), since it lacks the first 152 amino
acids of the Arabidopsis sequence.

Remarkably, the canonical 4E-BS present in AtCERES is highly conserved among all
CERES orthologues in plants (Fig. 2b). Indeed, alignment profiles show that the invariant Y
and the hydrophobic residue at position +7 of the minimal 4E-BS canonical site
(YXXXXL®) are fully conserved, while the Leu at position +6 is either conserved or
replaced by another hydrophobic amino acid. These proteins also display a high
conservation of the Arg/Lys residues at positions +3 and Arg/Lys/GIn residues at position
+10 included in the extended consensus 4E-BS sequence 4. The conservation of this binding
site among plant species strongly suggests that the 4E-BS could be especially relevant for
CERES function.

The 4E-BS is essential for CERES interaction with AtelF4E isoforms

In other organisms, the interaction between elF4E and different 4E interacting proteins is
mediated by the 4E-BS 522, Therefore, we analysed if the canonical 4E-BS present in
CERES was critical for the interaction between CERES and the AtelFAE isoforms. To do so,
we generated a CERES version that contains a deletion of the core of the canonical 4E-BS
(CERESA563-570) (Fig. 2c, upper scheme) and assayed the capacity of this mutant to
interact with AtelF4E1 and AtelF(iso)4E in the yeast two-hybrid system. Although
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CERESA563-570 is expressed in yeast to similar levels as its wild-type counterpart
(Extended Data Fig. 2b), the deletion of CERES™ 4E-BS completely abolished elF4E1 or
elF(is0)4E binding (Fig. 2d). In order to corroborate the requirement of a functional 4E-BS
for CERES interaction with elF4E /n vivo, we generated the constructs p355:HA-
CERESY%05A and p355:HA-CERESA563-57010 allow the expression /in planta of two
mutant versions of CERES, one containing a single substitution of Tyr563 to Ala (Y563A)
and the other lacking the minimal 4E-BS, respectively (Fig. 2c). These constructs were co-
expressed along with p35S:Flag-elF4E1 in N. benthamiana leaves and protein interaction
was analysed by co-immunoprecipitation. As shown in Fig. 2e, compared to the wild-type
CERES, the interaction with AtelF4E1 was drastically reduced when CERESY563A was
assayed. Furthermore, this interaction was fully abolished in the case of the
CERESA563-570. Similar results were obtained for AtelF(iso)4E; however, in this case the
single Y563A substitution was enough to preclude the elF(iso)4E binding, suggesting that
the interaction with CERES is weaker for elF(iso)4E (Fig. 2f).

All these data demonstrate that the 4E-BS of CERES is required for its interaction with
AtelF4E1 and AtelF(iso)4E in vivo.

CERES, through its interaction with elF4E, forms part of a complex that binds the cap

structure

elF4E factors are involved in the recognition of the RNA cap structure. So, to further explore
the possible role of CERES as an elF4E interacting protein, we analysed the capacity of
CERES to be part of cap-binding complexes. To do so, we expressed AtelF4E1,
AtelF(iso)4E and CERES proteins fused to the GST tag in £. coli. From these assays, we
were able to obtain an extremely low amount of soluble recombinant CERES that, although
prevented its use in further experiments, was used to carry out affinity purifications from
different mixtures of £. coli extracts with 7-methyl-GTP Sepharose. As shown in Extended
Data Fig. 4, CERES was specifically retained in these columns in the presence of AtelF4E1
and AtelF(iso)4E, but not in the absence of the elFAE isoforms, indicating that these factors
may mediate the presence of CERES in cap-binding complexes.

In order to validate this observation by an independent approach, we expressed full-length
CERES or a version of CERES that carries a deletion of the 4E-BS (CERESA563-570) in
wheat germ extract (WGE) and the capacity of these proteins to be retained in a 7-methyl-
GTP column was evaluated. It has to be noted that the WGE is a cell-free translation assay
and, so, it is enriched in translation factors including the wheat ( 7riticum aestivum) TaelFAE
isoforms. As shown in Fig. 3a, only the full-length version of CERES is specifically retained
in the 7-methyl-GTP column; however, this binding was drastically reduced when the
version that lacks the 4E-BS (and which is unable to bind elFAE isoforms) was assayed,
reinforcing that CERES through its interaction with elF4E binds to the cap structure.

Finally, the presence of CERES in cap-binding complexes was also analysed in Arabidopsis
extracts. For this, polyclonal antibodies raised against the C-terminal part of AtCERES
protein were generated and their capacity to recognise AtCERES was tested in extracts from
Col-0 and from two independent T-DNA insertion lines in CERES gene (ceres-1 and
ceres-2). These lines displayed single insertions located in the third exon (ceres-I) and
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second intron (ceres-2) of CERES (Extended Data Fig. 5a-b) and showed reduced levels of
CERES mRNA compared to the wild-type plants by gRT-PCR (Extended Data Fig. 5¢).
Consistent with this result, western-blot analysis using the anti-AtCERES antibody showed
that this antibody was able to recognise a band of ~ 66 kDa in Col-0 but not in the ceres
mutants, indicating that the antibody is able to recognise the endogenous AtCERES protein
and that these mutants are null or highly hypomorphic (Extended Data Fig. 5d). Using this
antibody, the capacity of CERES to be retained with AtelF4E1 and AtelF(iso)4E in the 7-
methyl-GTP resin or in the Sepharose resin (as control) was evaluated (Fig. 3b). As shown
in this figure, the band corresponding to the endogenous AtCERES (which is absent in both
ceres mutants) is specifically retained along with the elFAE isoforms in the 7-methyl-GTP
resin. However, none of these proteins are associated to the Sepharose resin, showing that
these proteins are not retained in the matrix in the absence of the cap structure.

All together these data indicate that, through its interaction with elF4E and elF(iso)4E,
CERES forms part of cap-binding complexes in plants.

The elF4E1/CERES and elF(iso)4E/CERES complexes do not include elF4G or elF(is0)4G

As shown above, CERES” 4E-BS is critical for CERES/elF4E binding. Since this motif also
mediates the association of elF4G to elF4E, these data suggest that CERES could bind to the
same amino acids and occupy a similar position as elF4G isoforms during the interaction
with elF4Es. This might lead to a situation in which CERES and elF4G isoforms are not
found in complexes with elF4Es at the same time.

To test this hypothesis /n vivo, we expressed cYFP-elFAG, CERES-Flag and HA-elF4E1 in
N. benthamiana leaves and we carried out a first CERES immunoprecipitation analysis with
anti-Flag antibodies. As shown in Fig. 3c, we can observe a clear band corresponding to
elF4E1 but not to elF4G in the eluate from CERES immunoprecipitations (IP: a-Flag).
These data further demonstrate the observation that CERES interacts with elF4E1 and
suggest that elF4G is not present in this complex. In order to demonstrate that the absence of
elF4G in this complex was not due to technical issues that may have prevented the
observation of elF4G in CERES immunoprecipitations, we investigated whether the
expressed elF4G was able to bind to the portion of elF4E1 in the extract not bound to
CERES. To do so, we subjected the remaining supernatant obtained from the previous
immunoprecipitation (from which we had depleted most of the CERES/elF4E1 complexes)
to an elF4E1 immunoprecipitation (IP: a-HA). Despite the fact that the amount of
immunoprecipitated elF4E1 was lower after this second assay, we still could detect a band
corresponding to elF4G, reinforcing our hypothesis that elF4AG is able to interact with the
elF4E1 non-associated with CERES. All these data suggest that elF4E1 is able to form
complexes either with elF4G or with CERES but those complexes already containing
CERES do not include elF4G.

To analyse whether the interaction between CERES and elF(iso)4E precludes the binding of
the elF(is0)4G to the complexes, we carried out a similar approach co-expressing cYFP-
elF(is0)4G, Flag-CERES and HA-elF(is0)4E in N. benthamiana leaves (Fig. 3d). As in the
previous case, only the elF(iso)4E but not the elF(is0)4G was co-immunoprecipitated with
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CERES, despite the portion of elF(iso)4E not bound to CERES was able to form a complex
with elF(is0)4G.

All these data suggest that CERES complexes with elF4E1 or elF(iso)4E do not include the
elF4G and elF(is0)4G proteins.

CERES modulates translation of a reporter mRNA in vitro

The majority of the reported metazoan elF4E interacting proteins appear to be negative
regulators of translation; therefore, to investigate if CERES could play a similar role in
plants, we carried out /n vitro translation assays of a reporter mRNA in WGE in the presence
of either the full-length CERES or of the CERESA563-570 version, which is unable to bind
the elF4E isoforms. As stated above CERES remains highly insoluble when expressed in E£.
coli, which impaired the use of £.coli-produced protein to supplement the in vitro translation
system. In order to bypass this technical problem, prior to the addition of the reporter
MRNA, we used the WGE to translate either CERES or CERESA563-570 (Fig. 3e). After
their independent translation for 60 min, the reporter (a capped Firefly luciferase (Fluc)
mMRNA) was added to both extracts and translated for 30 min, when Fluc activity (as a
measure of Fluc translation) was quantified in each sample. As shown in Fig. 3f, both
CERES versions were accumulated to similar levels during the experiments; however,
compared to the translation achieved in the presence of CERESA563-570 (which is unable
to bind elF4E), translation of the F/luc mMRNA was significantly increased when full-length
CERES was assayed (Fig. 3g). This result highlights a role of CERES in translation and the
importance of the elF4E binding for this function. Surprisingly, instead of supporting a role
of CERES as a negative elF4E-dependent regulator of translation, this result suggests that
CERES could act as a positive regulator of translation initiation.

CERES co-sediments with translation initiation complexes on sucrose gradients

Following this observation, we rationalised that if CERES promotes translation initiation in
plants, it could be part of translation initiation complexes. Thus, to test this hypothesis, we
analysed the distribution of CERES throughout the different fractions of a sucrose gradient
(Figs. 3h-j). To do so, plant cell extracts from Arabidopsis seedlings were fractionated over
10-50% sucrose gradients obtaining the corresponding polysome profiles (Fig. 3h). From
these profiles, the fractions corresponding to the 40S, 60S and 80S peaks and some of the
polysome-containing fractions were isolated and the presence of AtelF4E1 and AtCERES
throughout the fractions was monitored by western-blot (Fig. 3i). As controls, total extracts
from wild-type plants (Col-0) and ceres-1 mutant were included. As shown in Fig. 3i,
CERES was highly accumulated in the 40S fraction which is characterised by the high
enrichment of the 18S rRNA (Fig. 3j). CERES” accumulation gradually decreased along the
60S, the 80S and the heavier polysome fractions. This accumulation pattern is also observed
for elFAE1, demonstrating that CERES co-sediments with elF4E1 and both are highly
accumulated in the fractions containing the initiation complexes.

These data suggest that CERES co-sediments with translation initiation complexes in plants.
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CERES interacts with AtelF4A2 and mediates the formation of alternative elF4F complexes

As established before, CERES is a modular protein that, in addition to the 4E-BS, contains
an LRR domain that covers a large part of the protein. Since LRR domains are involved in
protein-protein interaction and CERES seems to be part of translation initiation complexes,
we decided to analyse whether CERES was able to associate to other translation initiation
factors, such as the elF4A. To test this hypothesis, we transiently expressed HA-CERES and
AtelF4A2-Flag in N. benthamiana leaves and carried out the immunoprecipitation of
elF4A2. As shown in Fig. 4b, CERES specifically co-immunoprecipitated with elF4A2,
which indicates that CERES interacts with elF4A in planta.

To further explore the elIF4A2/CERES interaction, we generated a construct p35S.:HA-
CERES-5081t0 express in planta a truncated version of CERES that includes the first 508 aa,
but lacks the last 89 aa that contain the 4E-BS (Fig. 4a). As shown in Fig. 4b, this truncated
version also interacted with elF4A2, suggesting that the 4E-BS is not required for the
interaction between CERES and elF4A2.

This result opened the possibility that CERES could assemble into a complex able to support
the simultaneous binding of elF4E and elF4A. To test this possibility, we co-expressed
different combinations of the proteins elF4E1, CERES and elF4A2 fused to different tags in
N. benthamiana leaves and we performed elF4A2 immunoprecipitation analyses. As shown
in Fig. 4c, elF4E1 only co-immunoprecipitates with elF4A2 in the presence of CERES, but
not in its absence, which suggests that CERES, in a similar way to elF4G, acts as a
scaffolding protein that brings together elF4E1 and elF4A2.

CERES interacts with AtelF3 and PABP in vivo

The previous results suggest that CERES recruits elFAE and elF4A /in vivo. However,
whether these complexes could promote translation in the absence of elF4G isoforms was
completely unclear. As cited above, apart from mRNA cap recognition (through its binding
to elF4E) and the loading of the elF4A helicase, the other main function of elF4G in
translation is to facilitate the binding of the 40S ribosomal subunit to the mRNA. To
accomplish this critical step, elF4G interacts with the elF3 complex and with the PABP
(which allows and which stimulates, respectively, the binding of the 40S subunit) 31:32,

In order to test whether CERES could also promote this function we transiently expressed in
N. benthamiana leaves HA-AtCERES and different subunits of the AtelF3 complex (elF3el,
elF3f and elF3g1) fused to the Flag epitope to carry out elF3 immunoprecipitation analyses.
As shown in Fig. 4d, CERES specifically co-immunoprecipitated with all the elF3 subunits
assayed, although a stronger interaction was observed with elF3f. Further co-
immunoprecipitation analyses showed that the presence of CERES promotes elF3f
interaction with elFAE1 (Fig. 4e), suggesting that, as in the case of elF4A2, CERES acts as a
molecular bridge able to support elF3 binding to elF4E containing complexes.

In addition, we also explored CERES interaction with PABP by co-immunoprecipitation
analysis in N. benthamiana leaves. Among the different members of the PABP family, we
selected PABP4, since this protein is ubiquitously expressed in plant tissues and its
functional interaction with elF4G and elF(is0)4G2 during plant development has been
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characterised in Arabidopsis 33. As shown in Fig. 4f, this protein is specifically co-
immunoprecipitated along with CERES, indicating that CERES also interacts with PABP /n
planta.

Finally, the interactions with the elF4E1, elF4A, elF3d and elF(iso)4E were also directly
validated in Arabidopsis extracts (Fig. 4g). For this, we carried out co-immunoprecipitation
assays (IP: a-HA) from extracts of seedlings from Col-0 or from a transgenic line that
expressed HA-CERES under the control of a 355 promoter. As shown in Fig. 4g, the
endogenous (untagged) AtelF4E1, AtelF4A, AtelF3d and AtelFiso4E were specifically
immunoprecipated along with CERES, further validating its interactions with these proteins
in Arabidopsis.

All these data suggest that CERES is able to bind to the same critical translation initiation
factors as elF4G in planta.

ceres mutants seem to show a reduction in protein translation at ZT5 but not at ZTO

The described results suggest that CERES could be involved in supporting mRNA
translation initiation in plants. It has been previously reported that translation is regulated
during the light/dark cycle. During this cycle ribosome loading rapidly decreases at night,
reaching a minimum at dawn, and increases during the first hours of light from ZT2 to ZT6
19.21 Based on these differences, we decided to analyse whether CERES could specifically
modulate translation in any of these two translational stages (Fig. 5). To do so, we carried
out polysome profile analyses in seedlings from Col-0 and in both ceres mutants at ZT0 and
ZT5 (in this latter case, when polysomal loading is at its highest level or close to it 1921), As
shown in Fig. 5a, ceres mutants did not exhibit a clear alteration in their polysome profiles
compared to the wild type at ZT0. However, at ZT5 (Fig. 5b), both ceres lines showed a
clear reduction of polysome content and a concomitant increase in 80S monosomes
(displaying a reduced polysomal / monosome ratio), which is a typical feature of treatments
and mutants that show an inhibition in translation initiation.

Since both independent ceres mutants show a similar phenotype, and the analysis of two
independent T-DNA alleles in the same gene is an accepted procedure to confirm the
phenotype is caused by a specific gene disruption 3435, our results suggest that CERES
could support translation initiation in plants at specific stages of the diel cycle.

Translation modulation by CERES impinges especially on certain set of mRNAs

To further analyse the possible function of CERES and to identify those mRNAs especially
susceptible or recalcitrant to the general inhibition imposed on ceres mutants, we performed
a super-resolution ribosome profiling experiment. To do so, we generated libraries from
ribosome footprints (RFPs) and total RNA from three independent replicates of seedlings
from Col-0, ceres-1and ceres-2that were collected at ZT5, and equimolecular amounts of
each library were subjected to massive sequencing. As shown in Extended Data Fig. 6a, we
obtained an excellent correlation among the RFP replicates and total RNA replicates,
respectively (showing, in both cases, Pearson correlation factors between 0.98 and 1). The
analysis of the total RNA and RFP fragments indicated that, in contrast to the large
variations in the length of the fragments derived from the total RNA libraries, RFP
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fragments showed a distribution that ranged from 22 to 32 nucleotides (nt) with a maximum
at 28 nt (Fig. 6a). These fragments (28 nt) covered up to the 12! nucleotide upstream of the
ATG and the last footprints covered the 15 nucleotide upstream of the stop codon (Fig.6b).
These results are fully consistent with the average size of the ribosomal footprints and the
position of the ribosome A-site and P-site described in Arabidopsis 36-38. As expected, these
sequences displayed an extraordinary enrichment of footprints in the same reading frame
(Fig. 6b) with the majority of the footprints mapping to the CDS (73% in each genotype)
and a sharp decrease in footprints along the 5"and 3"UTR sequences (Extended Data Fig.
6b). High periodicity was also obtained for the fragments ranging from 24 to 30 nt
(Extended Data Fig. 7), and so these reads were used for further analyses. All these data
demonstrated that RFP preparation and analysis were robust.

To gain insight into the function of CERES in gene expression, we firstly analysed the effect
of CERES on the transcriptional output. To do so, we carried out a differential analysis of
total RNA accumulation per gene in Col-0 and in both ceres mutants (Fig. 6¢, upper panels).
This analysis indicated that the number of genes significantly altered at the transcriptional
level (absolute total RNA fold change values of log, =|0.58]; padj <0.05 in ceres mutants
compared to Col-0) is extremely low: 6 and 26 genes in ceres-1and ceres-2, respectively,
with only 4 genes showing an alteration at the transcript level in both mutants
(Supplementary Table 2). As expected, one of the genes whose transcription was
significantly reduced in both mutants was CERES (Fig. 6¢, upper panels and Supplementary
Table 2). This result suggests that the changes in polysome profiles observed in ceres
mutants (Fig. 5b) are not correlated to general changes in transcript levels.

Additionally, we also carried out the analysis of the RFPs (Fig. 6¢, lower panels). In this
case, the number of genes with a significant alteration at the RFP level (absolute RFP fold
change values of log, =|0.58]|; padj <0.05 in ceres mutants compared to Col-0) was highly
increased to 49 in ceres-1 and 147 in ceres-2 mutants (Supplementary Table 3). In order to
identify possible physiological processes affected in the mutants, we carried out a GO
analysis of the genes significantly altered at the RFP level in each mutant compared to the
wild type. This analysis indicated that these sets are enriched in common functional
categories such as response to light, response to radiation or response to carbohydrate,
among others (Fig. 6d). The cited categories were also enriched, although with a lesser
number of genes, when only the 20 common genes significantly altered at the RFP level in
both mutants were analysed (Supplementary Table 3). A closer look to the reads in the RFP
and total RNA sets allowed the identification of 8 genes that showed a distinct accumulation
of reads in RFPs in ceres mutants that was not correlated with changes at the total RNA
level, indicating that these genes are regulated at the translational level (Extended Data Fig.
8). These genes encode At5g23060, a calcium sensing receptor that controls the
photosynthetic electron transport 3%; At3g56160, a member of sodium bile acid symporter
family whose close orthologue BAS6 plays a main role in photorespiratory metabolism in
Arabidopsis 4%; or At5g10180, a transporter involved in the maintenance of the sulphate
status and the thiol levels 41, In addition, two different desaturases FAD2 (At3g12120), a
light induced enzyme involved in the synthesis of 18:2 fatty acids 42, and the sphingolipid
desaturase 1 (SLD1, At3g61580) 43 were also observed.
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In order to identify other possible translationally regulated genes in ceres mutants, we also
carried out the analysis of translational efficiency (TE). This analysis, which included the
information of total RNA and the RFP for each gene and used a different statistical model
comparison, allowed the additional identification of the glucose transporter VGT1
(At3g03090) 44 as a translationally regulated gene in both ceres mutants compared to Col-0
(Extended Data Fig. 8) (TE fold change -0.779 and -0.829 p-adj 0.017 and 0.049 in ceres-1
and ceres-2, respectively, compared to Col-0).

All together these results suggest that translation modulation by CERES impinges especially
on certain set of MRNAs and that some of them are involved in the light response and
carbohydrate management.

ceres mutants show a hypersensitive phenotype in response to glucose

Sugar production is a process intimately linked to the light/dark cycle that has been reported
to peak around ZT5 21, As cited above, one of the functional groups regulated at the RFP
level in ceres-1and ceres-2 mutants compared to Col-0 is “response to carbohydrate
stimulus”. Furthermore, one of the most highly downregulated genes in TE in both mutants
is AtVGT1 (Extended Data Fig. 8), a well-known glucose transporter whose mutants are
characterised by a reduction in seed germination #4. Based on these data, we decided to
analyse the response to glucose in our mutants. To do so, we carried out germination assays
in the presence of glucose. As shown in Figs. 7a-b, compared to the wild-type genotype,
both ceres mutants showed a moderate developmental delay upon treatment with 6%
glucose, displaying a reduction in the number of seedlings with green and expanded
cotyledons (Fig. 7c). In order to discard that this phenotype was associated to the osmotic
effect exerted by the glucose concentration, similar experiments were also carried out in the
presence of 300 mM mannitol. In this case, no significant differences in germination or
growth were observed between ceres mutants and Col-0 (Extended Data Fig. 9). These
results suggest that CERES, most probably through the global drop in polysome loading at
ZT5 and the altered translation of genes involved in carbohydrate response, modulates
glucose management in plants.

Discussion

Due to the importance of translation regulation through elF4AE-dependent mechanisms in
other eukaryotes, there have been multiple attempts to identify possible elF4E-dependent
translational regulators in plants. These analyses included previous yeast two-hybrid
screenings using AtelF(iso)4E as bait and a cDNA library from etiolated seedlings and the
identification by mass spectrometry of proteins able to bind to the cap structure from
Arabidopsis cell cultures and wheat seeds 1526:28_ Despite the fact that these assays allowed
the identification of different proteins that bind elF4E isoforms in plants 26:27.29.30; the
direct role of these proteins in translation has remained mainly elusive. In this article we
have identified CERES by a yeast two-hybrid screening using a complex cDNA library
obtained from 14-day-old seedlings grown under control conditions and subjected to
different stresses. CERES is a novel elF4E-binding protein that shows a quite
unconventional structure (formed by an LRR domain and a 4E-BS) that differs from the one
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displayed by the elF4G isoforms and from other elF4E interacting proteins described before.
Until date, most of the reported translational regulators that bind to elFAE are negative
regulators of translation 6-12; however, the data presented in this article suggest that CERES
acts as a plant-specific translation initiation factor that, through its binding to elF4E and
other translation initiation factors, boosts general translation and regulates the translation of
subsets of mMRNAs at specific stages of the diel cycle.

In addition to CERES, plants show other unique translation initiation factors, such as
elF(iso)4E and elF(is0)4G, that seem to have evolved to allow plants to adapt translation to
their special characteristics and needs 45-48. One of these plant-specific characteristics is
their immobile nature, which force them to adapt to the changing environmental conditions.
In this article, we have defined the molecular role of CERES and we have analysed its role
in translation at ZT5. During this specific stage of the diel cycle, CERES seems to
participate in adapting translation to the sugar/energy status of the plant (which reaches its
maximum level in this time-frame). In contrast, no difference was observed in our tested
conditions in terms of lateral root emergence and main root length between ceres mutants
and the wild-type genotype in response to phosphate starvation, paraquat treatment and high
NaCl (data not shown). Despite this observation, a possible role of CERES in other plant-
specific transitions or in response to other single or combined environmental cues should not
be directly ruled out. In addition, it is also possible that, as it happens with the single
mutants of the components of the elF4F isoforms 4951, the role of CERES in other plant
physiological or developmental processes could be more clearly observed in combination
with other mutants in genes coding for canonical translation initiation factors#6:52, In this
sense, this study provides evidence of the molecular role of CERES in translation and opens
the possibility to analyse in the future other putative physiological roles of this novel and
exciting translational regulator in plants.

CERES is a non-canonical translation initiation factor with functional analogy to elF4G

Our data indicate that CERES serves as a scaffolding protein able to coordinate, in a
reminiscent way of elF4G but in its absence, the assembly of translation initiation
complexes in plants. In Arabidopsis, the elFAG and elF(is0)4G factors contain three well
conserved modules that are involved in the recruitment of the translation initiation
complexes: the 4E-BS (which mediates their interaction with elF4E), the HEAT domain
known as MIF4G (which in mammals mediates the binding with elF4A, elF3 and RNA) and
the HEAT2/MA3 (which in mammals constitutes a second binding site for elF4A) 1. Instead,
CERES shows a C-terminal 4E-BS and an LRR domain that covers a large portion of the N-
terminal and central part of the molecule.

LRR proteins are involved in multiple functions related to development, physiological
processes and defence response in plants. It has been widely reported that LRR genes that
play a role in the two first processes are usually under a tight evolutionary pressure, reducing
drift across orthologues, while proteins involved in defence are under strong diversifying
selection, which leads to multiple copies of genomic loci, highly divergent sequences,
duplications and re-arrangements 3. As stated before, CERES is a single-copy gene in
Arabidopsis with close orthologues in other plant species, which is in accordance with its
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proposed role as a regulator of a main physiological process such as translation, widening
the role of LRR proteins in this kingdom.

CERES orthologues show a high conservation of the 4E-BS and the LRR domains, which
indicates that these domains may mediate protein-protein interactions, probably with
conserved factors which are essential for its function. Accordingly, our results show that
CERES interacts /n vivo with elF4A and with different subunits of the elF3 complex while it
retains the simultaneous binding to elF4E. These data suggest that CERES, through its
multiple interactions with translation initiation factors, act as a scaffolding protein able to
recruit (as the canonical elF4G) the 40S subunit of the ribosome to the cap structure and to
drive translation. This hypothesis is reinforced /n vitro by the analysis of translation in WGE
and /n vivo by the analysis of the polysomal profiles. Altogether, our results suggest that
CERES is part of an alternative non-canonical translation initiation complex that contributes
(most probably along with elF4F complexes) to regulate translation initiation in plants.

Until now, most of the eukaryotic elF4E interacting proteins with a 4E-BS repress either
general or specific MRNA translation initiation due to their ability to inhibit the formation of
the elF4F complex 8-1254_ An exception to this general rule is Mextli (Mxt), an eF4E
interacting protein which promotes translation and is involved in stem cell maintenance in
Drosophila melanogaster. Despite Mxt is not evolutionary related to elFAG, it conserves two
essential domains for elF4G function: a canonical 4E-BS and an MIF4G domain. In such a
way, Mxt binds to elF4E, but bypasses the need of elF4G through recruiting elF3 22, As
cited above, CERES lacks the MIF4G domain, which suggests that through evolution plants
have conserved the 4E-BS to modulate elFAE dependent translation, but they may have
evolved a different structure to support elF3 and elF4A binding. Nevertheless, the discovery
of CERES and Mxt opens the possibility of the existence of a divergent evolution of non-
canonical translation initiation factors that, through the simultaneous binding of elF4E and
elF3, govern translation and gene expression during specialised processes in eukaryotes.

Does CERES compete with elF4G for binding to elF4E?

In our hands, any attempt to carry out competition analysis /n vitro using E. coli purified
recombinant proteins turned out to be unsuccessful since both the full length and the
truncated versions of CERES remain highly insoluble when they are expressed in £. coli.
This could be due to the structure of CERES, which contains multiple LRRs that should be
finely folded to accomplish the native conformation, possibly making it too complex to
achieve in E. coli. Similar problems were found when purifying AtelF4G. These technical
problems abrogated direct translational competition assays /7 vitro. Despite these
limitations, our data suggest that CERES interaction with elF4E1 is quite strong since it
supports the growth of co-transformants at high concentration of 3-AT in the yeast two-
hybrid assays. In addition, it is also important to note that we detect elF4E1/CERES
complexes when CERES is expressed in the absence of ectopic elF4E in N, benthamiana
leaves (data not shown) or in Arabidopsis (Fig. 5g). These data suggest that CERES may
compete with elFAG for elFAE binding. Alternatively, it is also possible, and a more likely
scenario, that, in contrast to the situation in mammals where elF4E is a rate limiting factor
55, eIF4E is not so limiting in Arabidopsis and that, therefore, a proportion of elF4E could
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be free from the elF4F complexes to interact with CERES. In any case, the analysis of
polysome profiling suggests that CERES is not exclusively in its own in charge of the
general translation at ZT5, since translation is not completely inhibited in ceres mutants.
This result favours the co-existence of canonical translation initiation complexes with
CERES-containing complexes that could coordinately support translation initiation under
specific conditions.

CERES seems to regulate translation at ZT5

The daily alteration between light and darkness is one of the most prevailing environmental
changes experienced by plants. During these cycles plants dynamically adjust their growth
and metabolism to the light and energy conditions 2. These rearrangements are driven by
massive and subtle changes in gene expression that are orchestrated at different levels that
include transcription and translation. It is well known that translation activity tightly
correlates with light sensing and cellular sugar levels in plants 121, However, with very few
exceptions, the mechanisms involved in this regulation are quite unknown. One of these few
exceptions is target of rapamycin (TOR), a kinase that coordinates protein synthesis with
cellular energy/nutrient availability in different eukaryotes 5657, In plants, inactivation of
this master kinase promotes a decrease in polysome accumulation, demonstrating its role in
translation 578, TOR phosphorylates different substrates involved in translational regulation
in plants. This is the case of the S6K1, a regulator of the 40S ribosomal protein S6 (RPS6)
59 and the MA3 domain-containing translation regulatory factors (MRF proteins). These
latter proteins bind to elF4A and promote translation during energy-deficient conditions,
especially during dark and starvation 0. These data suggest that plants have evolved
common and specific mechanisms (that include MRFs and CERES) to control translation
and, through this process, to accomplish cellular adaptation to the specific nutritional and
energy status of the organism.

In this article we provide two different and complementary pieces of evidence of the role of
CERES in the regulation of translation during the diurnal cycle. On the one hand, our
polysomal profile analyses show that CERES promotes general translation at ZT5, when
translation and energy status is at the maximum level, but has no apparent impact during
dawn (when the translational and energy level is at minimum). Additionally, the analysis of
our super-resolution ribosome profiling at ZT5 suggests that, during this stage, CERES
modulates the expression at the RFP level of mMRNAs involved in cellular processes related
with plant response to light and response to carbohydrates. These data suggest that CERES,
through its interaction to elF4E and the formation of alternative initiation complexes, is
involved in boosting overall translation and in modulating the specific translation of mMRNAs
related to light and carbohydrate response when the translational demand and carbon supply
are at their highest level.

The data presented in this article suggest that during evolution, different elF4E interacting
proteins have evolved divergently in a way that, through the regulation of elF4E, are able to
adjust translation to the nutritional and metabolic conditions of the organism. It has been
proposed that 4E-BPs emerged early in eukaryotic evolution to act as metabolic “brakes”
and shut down cap dependent translation in response to nutritional shortage and
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environmental stresses °. Our results indicate that CERES integrates the nutritional stimuli
and likely regulates some aspects of translation in plants, but, instead of inhibiting
translation when conditions are not favourable (as in the case of the 4E-BPs in metazoans),
CERES seems to boost general translation and modulate translation of different MRNA
subsets when the energy and carbon supply is high.

Materials and Methods

Plant Material and growth conditions

Arabidopsis T-DNA insertion mutants ceres-1 (SALKseq_129709) and ceres-2
(SALKseq_054336) were acquired from the Arabidopsis Biological Resource Center
(ABRC) 81. Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used as wild-type
genetic-background control. Unless otherwise stated, all seeds were surface sterilised,
stratified at 4°C for 48 h and grown at 22°C using a 16 h light photoperiod. For growth on
plates, Murashige and Skoog (MS) medium supplemented with 1% (w/v) sucrose was used
in all cases unless otherwise stated.

Constructs and molecular cloning

To obtain the pCERES. CERES- GFP constructs, a genomic fragment expanding from -1700
to +3022 bp position of CERES gene was cloned into the Gateway Binary Vectors
pMDC107 92, The constructs p35S.Flag-(CERES, elF4E1 and elF(iso)4E), p355-HA-
(CERES, CERESY63A, CERESA563-570, elF4E1 and elF(is0)4E), p35S:(elF4A2, elF3el,
elIF3f and elFg1)-Flag, p35S.PABP4-HA, p35S:RFP-elF4E1, p355.cYFP-elF4G and
elF(1s0)4G), p35S.Q sequence-HA-CERES were obtained by cloning the gene CDSs in
frame with the corresponding epitopes in the binary vectors pGWB12, pGWB15, pGWBL11,
pGWB14 83, pGWB655 64, pBiFP3 (Parcy CNRS Grenoble) and pGWB402omega ©°,
respectively, using the Gateway cloning system (Life Technologies). In the case of elF4A2,
elF3el, elF3f, elF3gl and PABP4, the corresponding clones derived from S. Dinesh-Kumar
“s laboratory were used for gene CDS amplification. These clones were obtained from the
Arabidopsis Biological Resource Centre.

Constructs for the two-hybrid analyses were generated by cloning the cDNA fragments
coding for elF4EL, elF(is0)4E, CERES and elF4G into pDONRZ07. Gene fusions to Gal4-
AD or Gal4-BD were obtained by recombination between their corresponding pDONR
vectors and pDEST-GBKT7 and pDEST-GADT7 56,

Site-Directed Mutagenesis

PCR-based site mutagenesis was performed as described in 87 using as template the
amplified coding sequence of CERES in the pPDONR207 vector. The primers used for the
mutagenesis are included in Supplementary Table 1.

gRT-PCR analysis

RNA was isolated from 7-day-old seedlings or from different tissues of 10-day-old seedlings
and 4-week-old plants. gRT-PCR analysis was carried out as described in 8, using either
ACTZ2 (At3g18780) or UBC (At5g25760) for normalisation. Each experiment was
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conducted in three technical replicates with three biological replicates. Primer sequences are
listed in Supplementary Table 1.

Co-immunoprecipitations in N. benthamiana leaves

Co-immunoprecipitation analyses were carried out as described in 6970, In all cases the
assays were repeated at least three times obtaining similar results.

Western-blot analysis and antibodies

Proteins were separated by SDS-polyacrylamide gel electrophoresis, blotted to nitrocellulose
membranes and analysed with specific antibodies against HA (Roche), Flag (Sigma
Aldrich), GST (Santa Cruz Biology), GFP (Roche), RFP (5F8, Chromotek), Myc (Clone
4A6, Merck), elF4A (St. John’s laboratory), elF3D (sc-28856, Santa Cruz), AtelF4E and
AtelF(iso)4E (kindly provided by Dr. J. L. Gallois, INRA, France) and TaelF4E (kindly
provided by Dr. Karen Browning, University of Texas, USA).

The C-terminal part of CERES (base pairs 1471-1794) was cloned into pDEST17 vector
(Invitrogen) and transformed into E. coli strain BL21. Cells were induced for protein
expression by adding 0.1 mM IPTG and the proteins were separated by SDS-polyacrylamide
gel electrophoresis. Following SDS-PAGE, the gels were incubated in cold 2 M KCI until
the protein bands became opaque. The band corresponding to Ct-CERES was excised from
the gel. This band was used to immunise rabbits for antiserum production by Pineda
Antibody Services (Germany).

Yeast two-hybrid screening and directed two-hybrid analyses

For yeast two-hybrid screening, the pDEST-GBKT7-elF4E1 plasmid was transformed into
the Y187 strain. After testing for absence of toxicity and transcriptional activation, this
transformed strain was co-cultivated with an Arabidopsis cDNA library pre-transformed into
the strain AH109. This library was obtained from a mix of cDNAs from 14-day-old
seedlings grown under control conditions or subjected to different stresses (4°C, 42°C, 150
mM NaCl, 400 mM sorbitol, 300 pE/m2/sec, darkness, 10 mM paraquat and 20 mM H,05)
for 60 and 120 min. The mated clones were initially screened on SD/-Leu/-Trp/-His/+10
mM 3-AT and the positive clones were further selected on SD/-Leu/-Trp/~His/+60 mM 3-
AT. Identification of the elF4E1 interactors was done by amplification and sequencing of the
DNA contained in the prey vector and subsequent BLAST analysis against Arabidopsis
annotated genes (https://www.arabidopsis.org/Blast/index.jsp).

Directed yeast two-hybrid analyses were carried out as described in 1.

Microscopy analyses

Co-localisation analyses were carried out by transient expression of pPCERES:CERES-GFP
and p35S.RFP-elF4E1 constructs in 3-week-old N. benthamiana leaves. Plant tissue was
imaged 3 days post-agroinfiltration using a Leica SP8 confocal microscope (Leica
Microsystems) with an Argon ion laser. GFP was excited at 488 nm and the emitted light
was captured at 495-520 nm. RFP was excited using 561 nm and emitted light captured at
590-630 nm. Sequential scanning was used to image GFP and RFP as described in 72,
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Experiments were done at least three times, obtaining similar results. A representative
replicate is shown in the figures.

In vitro transcription and translation

In vitro transcription was carried out with the MEGAscript™ Kit (Thermo Fisher) following
manufacturer’s instructions. For CERES and CERESA563-570 mRNA synthesis, PCR
products that contained the T7-promoter and -terminator were amplified from the pGBKT7-
CERES or pGBKT7-CERESA563-570vectors. To obtain the Luciferase mRNA we
performed a PCR to introduce the T7 promoter sequence using pcDNA-Luciferase as
template. mMRNAs were capped using Vaccinia Capping System (New England Biolabs).

In vitro translation was done using the Wheat Germ Extract (WGE) system (Promega).
Luciferase activity was measured using 5 pL of /n vitro translation reaction as described in
manufacturer’s protocol. Statistical analysis was performed with GraphPad Prism Software
(GraphPad Software Inc.).

Polysome profiling

9-day-old seedlings were harvested at Zeitgeber time 0 (ZTO, immediately before the lights
turned on) and at Zeitgeber time 5 (ZT5, 5 h after the lights turned on) and were
immediately frozen in liquid nitrogen. 700 mg of frozen tissue was pulverised in liquid
nitrogen with a mortar and pestle and thawed in 800 pL of ice-cold polysome extraction
buffer (160 mM Tris-HCI [pH 8.4], 80 mM KCI, 40 mM MgCl,, 5.6 mM EGTA, 4% (v/v)
TritonX-100, 50 pg/mL chloramphenicol, 80 pg/mL cycloheximide, 200 mM sucrose) in a
rotary shaker for 15 min at 4°C. The raw extract was clarified by centrifugation at 13,000 g
for 30 min at 4 °C. The supernatants were layered on top of a 12.5 mL 10%-50% sucrose
density gradient (containing 40 mM Tris-HCI [pH 8.4], 20 mM KCI, 10 mM MgCl,, 15
pg/mL chloramphenicol, 10 ug/mL cycloheximide) and centrifuged at 39,000 rpm for 2.5 h
at 4 °C in a SW40 rotor. After ultracentrifugation, the gradient was monitored at A,gg while
being fractionated into 600 uL fractions using a density gradient fractionation system.

For RNA extraction of the different fractions, 0.5% (w/v) SDS was added to 300 uL of each
fraction prior to TRIZOL extraction following the manufacturer’s instructions. For protein
extraction, 300 uL of the corresponding fractions were extracted by the chloroform-—
methanol method 73. The protein pellets were resuspended in 100 pL of 1x Laemmli buffer
and loaded on the gels for further analysis.

At least three biological replicates were performed for each analysis, showing similar
results. Thus, a representative replicate is shown in the figures.

For gradient fraction quantification, three biological replicates from each genotype collected
at ZT0 and ZT5 were subjected to polysome profiling analysis and, for each replicate, the
area below the curve corresponding to free mRNA, 60S, 80S and polysomes was normalised
by the total area of each gradient using ImageJ. Statistical analysis was performed with
GraphPad Prism Software (GraphPad Software Inc.).

Nat Plants. Author manuscript; available in PMC 2020 June 09.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Toribio et al. Page 18

7-Methyl-GTP pull-down assays

Plant extracts (generated in co-immunoprecipitation buffer) were incubated with 50 L of 7-
methyl-GTP Sepharose® 4B GE Healthcare or Sepharose 4B (when stated) for 2 h at 4°C.
After washing, the retained proteins were eluted in 50 pL of 2x Laemmli buffer and
subjected to SDS-PAGE. Experiments were done at least three times, obtaining similar
results. Thus, a representative replicate is shown in the figures.

Super-resolution ribosome profiling

Three independent biological replicates were used for the RFP (ribosomal footprint) and
total RNA analysis. For each replicate, seedlings from Col-0, ceres-1 and ceres-2 were
grown and collected at ZT5 as previously described. 200 mg of frozen tissue was thawed in
800 pL of plant lysis buffer (100 mM Tris-HCI [pH 8.0], 40 mM KCI, 20 mM MgCly, 2%
(v/v) polyoxyethylene (10) tridecil ether, 1% (w/v) sodium deoxycholate, 1 mM DTT, 100
ug/mL cycloheximide and 10 U/mL DNAse I). The lysate was vortex-mixed until
homogenised and incubated on ice for 10 min using a rocking shaker. Lysates were clarified
at 20,000 g for 10 min at 4 °C. 100 uL of supernatant was used to extract total RNA and to
generate the RNA-seq libraries. 200 uL of the supernatant was treated with 17.5 U of
nuclease per 40 pg of RNA at 25°C for 1 h to generate the RFP libraries. The nuclease was
provided by the ARTseq/TruSeq Mammalian Ribo Profile Kit (Illumina). The rest of the
steps to generate the libraries were performed according to the cited lllumina kit using size
exclusion columns (lllustra MicroSpin S-400 HR Columns, GE Healthcare) and Zymo RNA
clean and concentrator kit (Zymo Research). After cDNA circularisation the RFP and total
RNA libraries were barcoded and amplified by 13 cycles and 9 cycles of PCR, respectively.
PCR products were purified from acrylamide gels and the libraries were pooled for single-
end 50-bp sequencing in a HiSeq 2500 sequencing platform.

Super resolution ribosome profiling analysis

The raw data were firstly subjected to a quality control with FastQC. Afterwards, the adaptor
sequence (AGATCGGAAGAGCACACGTCT) was removed using FASTX_clipper included
in FASTX_toolkit 74. Non-clipped reads were discarded for downstream analysis. After
adaptor removal, the remaining reads were searched for expected contaminant RNA
sequences in Arabidopsis, including rRNA, tRNA and ncRNA sequences, using Bowtie. The
unmapped reads were then aligned to the Arabidopsis genome using TAIR10.33 reference
and the split-aware aligner TOPHAT2 72, version 2.1.0, allowing only unique alignments
(i.e., each read was allowed to map to one location only) and not more than two nucleotide
mismatches. To minimise errors from ambiguous read mappings, only the unique mapping
results were used throughout this study.

Several steps of analysis and statistical presentation of the data were performed and plotted
in R, version 3.5.1, using a combination of command-line software tools, R packages
including ggplot2 78, RiboProfiling 77, GenomicFeatures 8, riboSeqR 79, Rsamtools 8% and
DESeq?2 81.

Trinucleotide periodicity and meta-gene analysis over start/stop codons of translating
ribosomes (RFP) were determined using the riboSeqR with the transcriptome alignment
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against the coding sequences of representative gene model (longest CDS in locus). Matches
between 24 and 30 nucleotides were used for further analysis. Reads were assigned to
genomic features (5"-UTR, CDS and 3’-UTR) with the RiboProfiling package using the
aligned bam files.

Total RNA- and RFP-differentially expressed genes within the different data sets were
identified using the R package DESeq?2 that uses the negative binomial distribution to model
the variations. Normalised read counts in CDS for Total RNA and RFP samples were used.
For these analyses, the hypothesis testing was performed by a Wald test. Besides the
genotype, batch was also considered as a covariate in the model.

Translation Efficiency (TE, RFP/ Total RNA ratio) was calculated using the likelihood ratio
test (LRT) for full and reduced (without the interaction term) model comparison according
to the pipeline described in systemPipeR Workflow for Ribo-Seq and polyRibo-Seq
Experiments (https://pdfs.semanticscholar.org/2bb3/
a1305835e7304d2cf5a5e788b08d00e025e6.pdf).

Differentially expressed genes (in Total RNA, RFP and TE) were defined as those with
absolute fold change values of log, =|0.58|; padj <0.05 in ceres mutants compared to Col-0.
padj value corresponds to the p-value adjusted for multiple testing using Benjamini-
Hochberg method.

Other bioinformatics analysis

The identification of CERES orthologues was carried out using the Basic Local Alignment
Search Tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi). GO analysis was done using the
topGO R package (Alexa A, Rahnenfuhrer J (2019). topGO: Enrichment Analysis for Gene
Ontology. R package version 2.36.0) using the runTest function, the classic algorithm and
the Fisher statistical test for the analysis of p-value. In this case, the p-values were
unadjusted for multiple test comparisons. The genes upregulated and downregulated at the
RFP level compared to Col-0 were pooled in the analysis of each mutant. The reference list
included all the genes expressed, with more than 10 counts in each condition, at the Total
RNA level.

Phenotypic analysis in response to glucose and mannitol

ceres mutants were germinated and grown for 7 days side by side with the wild type in 0.5x
MS agar in the absence of sucrose and glucose or supplemented with 6% (w/v) glucose or
300 mM mannitol. For quantitative analysis of the phenotype, the percentage of seedlings
with fully expanded green cotyledons was calculated and plotted. n=8 independent
experiments from three independent seed batches were analysed. Each replicate included 3
different plates of each treatment with 100 seeds per genotype. Statistical analysis was
performed with GraphPad Prism (GraphPad Software Inc.).

Extended Data
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Extended Data Fig. 1. CERES interacts with Atel F(iso)4E.
(a) Yeast two-hybrid assays to analyse CERES interaction with AtelF(iso)4E. The proteins

fused to the Gal4-BD and Gal4-AD that were co-expressed in the AH109 strain are shown
on the left of the panel. Independent co-transformants were tested for growth in non-
selective medium (-Leu-Trp) or prototrophy-selective medium (-Leu, -Trp, -His) in the
presence of 3-AT or in the absence of Ade. The constructs expressing the bare Gal4-BD and
Gal4-AD were used as controls (-). (b) CERES interacts with AtelF4E1 and At(iso)4E /n
vivo. Protein extracts (crude extracts) from N. benthamiana leaves transiently expressing,
under the control of the 355 promoter, different combinations of Flag-CERES, HA-
AtelF4E1 and HA-AtelF(iso)4E were subjected to immunoprecipitation using anti-Flag
beads. The presence of the different proteins in the crude extracts and in the eluted fractions
from CERES immunoprecipitations (IP:a-Flag) was analysed by western-blot using anti-HA
and anti-Flag antibodies. The experiments in (a-b) were repeated independently three times
with similar results.

Nat Plants. Author manuscript; available in PMC 2020 June 09.

<CERES

<AtelF4E1

- | <AtelF(iso)4E



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Toribio et al. Page 21

a b

Gal4-BD + - - - - - -
Empty  + - - ) Empty + - - Gad-AD  + + - - + - -
CERES-GFP - + - - RFP-AtelF4E1 -  + - Gal-BD-CERES - i B & R - -
GRE_= e + + RFR_ - - + Gal4-BD-CERES A563-570 - = - - + + +
100 kDa Gal4-AD-AtelF4E1 - - + - - + -
75 kDa Gal4-AD-AtelF(iso)4E - = = + & & +

100 kDa -— <CERES-GFP - <RFP-AtelF4E1 75 kDa -

75 kDa 50 kDa: -—
2.t -

«CERES

37 kDa| =
50 kDa-
| <RFP
37 kDa:

<AtelF4E1

<AtelF(iso)4E

Coomassie

— <GFP 4
25 kDa-

Coomassie

Extended Data Fig. 2. Western-blot to analyse the size of the fusion proteinsand the
accumulation of the proteins of interest in Figure 1c and Figure 2d.

(a) Western-blot of extracts from N. benthamiana leaves expressing the constructs
PCERES.CERES-GFP or p355.GFP (in this case two extracts with different expression level
of GFP were included) (left panel) or the constructs p35S:RFPand p355.RFP-AtelF4E1
(right panel) using the anti-GFP and anti-RFP, respectively. The Coomassie staining is
provided as loading control of the assay. (b) Western-blot of yeast extracts that expressed
from the pDEST-GADT7 and pDEST-GBKT7 vectors the different proteins of interest.
These vectors allow the fusion of the proteins to the Gal4-AD and the HA and to the Gal4-
BD and the c-Myc epitopes, respectively. The fusion proteins were detected using the anti-
HA and anti-Myc antibodies. Possible degradation products are marked by an asterisk. The
experiments in (a-b) were repeated independently twice with similar results.
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Extended Data Fig. 3. Analysis of CERES expression by qRT-PCR in different Arabidopsis
tissues.

The relative expression of CERES mRNA was analysed in 7-day-old whole seedlings, 10-
day-old roots and 4-week-old leaves, stems and open flowers. Fold change values, shown as
means + SD (n=4 independent experiments), are related to the expression in seedlings that
was arbitrarily assigned value 1 after normalisation with the calibrator gene UBC.
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Extended Data Fig. 4. CERES forms part of cap-binding complexesin vitro in the presence of
Atel FAE1 and Atel F(iso)4E.

Recombinant AtelF4E1, AtelF(iso)4E and CERES fused with GST were expressed in E.coli
(crude extract). These extracts were combined as detailed in the figure (using in all cases a
higher amount (8-fold) of recombinant CERES) and subjected to a 7-methyl-GTP
chromatography. The corresponding eluates were analysed by western-blot using a
commercial anti-GST antibody. This experiment was repeated independently twice with
similar results.
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Extended Data Fig. 5. Description of ceres-1 and ceres-2 mutants and expression analysis.
(a-b) Schematic genomic organisation of CERES. Exons are indicated as rectangles. The

triangles mark the position of the T-DNA insertions in the ceres-1 (a) and ceres-2 (b)
mutants. (b) Schematic organisation of CERES CDS in ceres-2. This mutant shows an
aberrant splicing event that introduces a premature stop codon (PTC) in its sequence. (c)
Analysis of CERES expression in 15-day-old seedlings from Col-0, ceres-1and ceres-2by
RT-gPCR. Expression values are shown as mean = SEM from n=6 independent samples.
These values are related to the value of Col-0 that was arbitrarily assigned value 1 after
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normalization with the calibrator gene AC7-2. (d) Western-blot analysis of CERES
accumulation in Col-0 and in ceres mutants using specific anti- CERES antibodies generated
in the laboratory. The Ponceau staining of the membrane is provided as loading control. This
experiment was repeated independently four times with similar results.
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Extended Data Fig. 6. Correlation and RFP cover age analyses.

(a) Correlation plots of the RFP (R1, R2 and R3) and total RNA (T1, T2, T3) samples of
each genotype used for the super-resolution ribosome profiling analysis. (b) Boxplots of
RFP coverage on 5 UTR, CDS and 3’ UTR regions. RFP reads from the replicates (n=3
independent experiments) were grouped for each genotype. The middle bars represent the
median, while the bottom and top of each box represent the 25th and 75th percentiles,
respectively, and the whiskers extend to 1.5 times the interquartile range. Dots are outliers.
Median value for reads on 3’'UTRs is 0.
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Extended Data Fig. 7. Periodicity analysis (cumulative plots) of RFP readsranging from 24 to 30
ntin length.

The first nucleotide of each footprint is used to represent its location on the transcript. The
three reading frames are shown in red, blue and green. As representative data, the analysis of
RFP from Col-O0 replicate 1 is shown. (b) Percentage of RFP reads derived from the 24-30 nt
fragments used in the study.
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Extended Data Fig. 8. Coverage of RFP and total RNA reads on selected genesin Col-0 and ceres

mutants.

The scale of the reads for each gene is indicated in the upper left. Based on the total RNA
reads, the most prevalent predicted genomic organisation is shown in the bottom panel of
each gene. Exons are indicated as dark blue rectangles and introns as dark blue lines. In this
analysis the reads of each genotype from n=3 independent experiments were combined.
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Extended Data Fig. 9. ceres mutants do not seem to show an altered phenotypein responseto

mannitol.

(a) Representative growth of Col-0, ceres-1 and ceres-2 seedlings in medium lacking

mannitol (control) or supplemented with 300 mM mannitol for 7 days. (b) Close-up views of
the upper panel. (c) Percentage of seedlings from Col-0, ceres-1 and ceres-2that develop
green and expanded cotyledon in the presence of mannitol. n=3 independent experiments
were analysed. Values are shown as means + SEM. No statistical difference between Col-0
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and ceres mutants (p< 0.05) using one-way ANOVA analysis was observed. The scale bars
in (@) and (b) correspond to 1.5 cm and 7.5 mm, respectively.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CERESinteractswith Atel F4E1.
(a) Growth in different selection media of the original clones isolated from the yeast two-

hybrid screening used to identify potential interactors of AtelF4E1. These clones harboured
AtelFAE1 (fused to the Gal4 DNA binding domain, Gal4-BD) and partial clones of either
CERES or elF4G (fused to the Gal4 activation domain, Gal4-AD). As control the same yeast
strain used for the screening (which expressed AtelF4E1-Gal4-BD) was co-transformed with
a construct that expressed a bare Gal4-AD. (b) Directed yeast two-hybrid assay to analyse
CERES (full length) interaction with AtelF4EL. (c) Subcellular localisation analysis of
CERES-GFP (upper panel) and co-localisation analysis of CERES-GFP and RFP-AtelF4E1
(lower panel) in N. benthamiana leaves. Scale bars correspond to 50 um, except the bar in
the upper right panel that corresponds to 25 um. (d) Co-immunoprecipitation analysis from
N. benthamiana leaves transiently expressing under the control of the 355 promoter different
combinations of HA-CERES, Flag-AtelF4E1 and Flag-AtelF(iso)4E. The presence of the
different proteins in the crude extracts and in the eluted fractions from the
immunoprecipitations (IP: a-Flag) was analysed by western-blot using the anti-HA and anti-
Flag antibodies. The experiments in (b) and (a, c-d) were independently repeated four and
three times, respectively with similar results.
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Figure 2. The 4E-BSis highly conserved in plantsand is essential for CERES interaction with

Atel F4E isoforms.

(a) Schematic representation of CERES” structure. (b) Sequence conservation of the
extended 4E-BS in different CERES orthologues in the plant kingdom. The consensus
extended sequence for 4E-BS is shown in the upper part of the panel. (c) Schematic
representations of CERES deletion CERESA563-570 and CERES point mutation Y653A
(CERESY653A) ysed for further analysis. (d) Yeast two-hybrid analysis to evaluate the
relevance of the 4E-BS in the interaction with the elF4E isoforms. The proteins fused to the
Gal4-BD and Gal4-AD that were co-expressed in the AH109 strain are shown on the left of
the panel. Independent transformants were tested for growth in non-selective medium (-Leu-
Trp) or prototrophy-selective medium (-Leu, -Trp, -His) in the presence of 3-AT or in the
absence of adenine (-Ade). The constructs expressing the bare Gal4-BD and Gal4-AD were
used as controls (-). (e-f) Co-immunoprecipitation analysis from . benthamiana leaves
transiently expressing, under the control of the 355 promoter, different combinations of the
HA-CERES (full-length/wild type and the versions described in (c)) and Flag-AtelF4EL1 (€)
or Flag-AtelF(iso)4E (f). The presence of the different proteins in the crude extracts and in
the eluted fractions (IP: a-Flag) was analysed by western-blot using the anti-HA and anti-
Flag antibodies. The experiments in (d-f) were repeated independently three times with

similar results.
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Figure 3. CERES, through itsinteraction with el FAE, forms complexes that bind the cap
structure in the absence of el FAG isoforms, promotestranslation of a reporter mRNA and co-
sediments along with el F4E1 in trandation initiation complexes.

(@) Pull-down using 7-methyl-GTP-Sepharose from WGE extracts expressing either CERES
full-length or CERESA563-570 fused to Myc. The presence of the different proteins in the
crude extracts and in the eluted fractions (Pull down: m’-GTP) was analysed by western-blot
using the anti-Myc and anti-TaelF4E antibodies. (b) Pull down of extracts from seedlings of
Col-0, ceres-1and ceres-2 mutants using either Sepharose-4B (S-4B) or 7-methyl-GTP-
Sepharose 4B (m’-GTP). The presence of CERES, elF4E1 or elF(iso4E) in the crude
extracts and in the different pull downs were analysed by western-blot using specific
antibodies against AtCERES, AtelF4E1 and AtelF(iso)4E. (c-d) Sequential co-
immunoprecipitation assays from N. benthamiana leaves transiently expressing, under the
control of the 355 promoter, cYFP-elF4G, CERES-Flag and HA-AtelF4E1 (c), or cYFP-
elF(is0)4G, Flag-CERES and HA-elF(is0)4E (d). The corresponding extracts were subjected
to a first co-immunoprecipitation using anti-Flag beads and the flow-through of this co-
immunoprecipitation was further subjected to a second co-immunoprecipitation using anti-
HA beads. The presence of the different proteins in the crude extracts and in the eluted
fractions was analysed by western-blot using the anti-GFP, anti-Flag and anti-HA antibodies.
(e-g) /n vitrotranslation assay of a reporter mMRNA in the presence of either full-length
CERES or a version of CERES that lacks the 4E-BS (CERESA563-570). (€) Schematic
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representation of the /n vitro translation assay performed in this analysis. The full-length
CERES or CERESA563-570 mRNASs were translated in WGE for 60 min. At that point, a
capped reporter F/uc mRNA was added to both extracts. Translation was stopped 30 min
after the addition of the reporter mRNA. (f) Accumulation of CERES versions in the assay
was analysed by western-blot using the anti-Myc antibody. (g) Fluc activity in both extracts
was measured and represented as means = SEM (n = 6 independent experiments). The
asterisk highlights statistical difference (p<0.0227) using unpaired two sided t test and
Kolmogorov—Smirnov test for normal distribution analysis. (h-j) Analysis of the distribution
of CERES in different fractions of a polysome sucrose gradient. (h) Polysome profile of
wild-type plants. Ribonucleoprotein material (RNP) was extracted from Col-0 seedlings and
resolved on a 10-50% sucrose gradient. Absorbance at 256 nm was continuously monitored
through the different fractions of the gradient. Fractions 6, 8, 10, 12, 15 and 17 were selected
for further analyses. (i) Western-blot of protein extracts derived from equal volumes of the
selected fractions using anti-AtCERES and anti-AtelF4E1 antibodies. Total protein extracts
from ceres-1 mutant and Col-0 were included as controls. (j) In order to corroborate the
ribosomal nature of the selected fractions, total RNA (before sucrose gradient fractionation)
and RNA obtained from equal volumes of the selected fractions was subjected to
electrophoretic analysis. According to the polysomal profile and the distribution of 18S and
25S rRNAs, fraction 6 corresponded to 40S complexes, fractions 8 and 10 were enriched in
60S+80S complexes, while fractions 12, 15 and 17 corresponded to polysomes. The
experiments in (a-d, f, h-j) were repeated independently three times with similar results.
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Figure4. CERESinteractsin vivo with el F4A, el F3 and PABP.
(a) Schematic representation of CERES and the truncated version CERES-508 used in this

study. (b-f) Co-immunoprecipitation analysis from N. benthamiana leaves transiently
expressing, under the control of the 355 promoter, different combinations of HA-CERES,
HA-CERES-508 and AtelF4A2-Flag (b); HA-AtelFAEL, HA-CERES and AtelF4A2-Flag
(c); HA-CERES, AtelF3el-Flag, AtelF3f-Flag and AtelF3g1-Flag (d); HA-AtelF4E1, HA-
CERES and AtelF3f-Flag (e) and CERES-Flag and AtPABP4-HA (f). The presence of the
different proteins in the crude extracts and in the eluted fractions from the
immunoprecipitations (IP: a-Flag) was analysed by western-blot using the anti-HA and anti-
Flag antibodies. (g) Immunoprecipitation assay (IP: a-HA) from extracts of Col-0 (-) and
from Arabidopsis seedlings expressing HA-CERES under the control of the constitutive
promoter 355 and of the translational enhancer 2 sequence. The presence of the different
proteins in the crude extracts and in the eluted fractions from the immunoprecipitation was
analysed by western-blot using the anti-AtCERES, anti-AtelF4A, anti-AtelF4E1, anti-
human elF3D and anti-AtelF(iso)4E antibodies. An overexposure of the western blot with
anti-AtelF(iso)4E is shown at the bottom of the figure. The experiments in (b-g) were
repeated independently three times with similar results.
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Figure 5. CERES modulatestranslation at specific stages of the diel cycle.

Col-0

0.6

Free mRNA

60S

ceres-1

80S

Polysomes

Schematic representation of the two different time-points ZT0 and ZT5 (a and b, upper
panel, respectively) that have been analysed during the 16 h-light/ 8 h-dark cycle.

Representative polysome profiles of Col-0, ceres-1and ceres-2seedlings at ZT0 and ZT5 (a
and b, middle panel, respectively). Quantification of the polysome profile areas that

correspond to free mRNA (light density fractions not resolved in the profile), 60S, 80S and
polysomes at ZTO and at ZT5 (a and b, lower panel, respectively). Values are shown as

means £+ SEM from n=4 independent experiments for Col-0 and ceres-1 mutant and n=3 for

ceres-2mutant in (@) and n=3 independent experiments for Col-0, ceres-1and ceres-2

mutants in (b). Statistical differences (p<0.001) using the two-way ANOVA test are

highlighted by asterisks.
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Figure 6. Super-resolution ribosome profiling analysis of ceres mutants.
(a) Size distribution and relative abundance of total RNA and RFP reads. All total RNA and

RFP reads from the three assayed genotypes (Col-0, ceres-1 and ceres-2) with their
corresponding replicates (n=3 independent experiments) were combined for this analysis.
(b) Coverage values of 28 nt RFP reads within and close to the Arabidopsis annotated genes
(left panel) and the inferred footprint positions related to the initiating ribosomes (right
panel). The main frame according to the annotated start codon is shown in red and the two
other reading frames are shown in blue and green. (c) Volcano plots of total RNA- and RFP-
changes (upper and lower panel, respectively) in ceres-1 and ceres-2 mutants compared to
Col-0 (n=3 independent experiments). Green dots represent significantly upregulated and
downregulated genes (absolute total RNA or RFP fold change values of log, =|0.58]; padj
<0.05 in each mutant compared to Col-0). Red dots represent the genes significantly
upregulated and downregulated in both mutants specifically at the translational level. The
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dot corresponding to CERES is shown in purple. Grey dots are genes with a non-significant
change. For these analyses, the hypothesis testing was performed by a Wald test. Besides the
genotype, batch was also considered as a covariate in the model. p-value was adjusted for
multiple testing using Benjamini-Hochberg method. (d) GO analysis of the genes with
significant altered RFP in ceres-1 and ceres-2 mutants compared to Col-0 (n=3 independent
experiments). This analysis was done using Fisher statistical test for the analysis of p-value.
In this case, the p-values were unadjusted for multiple test comparisons. Only common and
significant categories (p-value < 0.05) are shown in this figure. Colour code is shown at the
right of the panel.
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Figure 7. ceres mutants show a hyper sensitive phenotype in response to glucose.
(a) Representative growth of Col-0, ceres-1 and ceres-2 seedlings in medium lacking

glucose (control) or supplemented with 6% glucose for 7 days. (b) Close-up views of the
upper panel. (c) Percentage of seedlings from Col-0, ceres-1and ceres-2that developed
green and expanded cotyledon in the presence of 6% glucose. n=8 independent experiments
from three different seed batches were analysed. Values are shown as means + SEM.
Statistical difference between Col-0 and ceres mutants (p< 0.001) using one-way ANOVA
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analysis is highlighted by asterisks. The scale bars in (a) and (b) correspond to 1.5 cm and
7.5 mm, respectively.
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