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Abstract: mRNA translation is tightly regulated by various
classes of RNA-binding proteins (RBPs) during development
and in response to changing environmental conditions. In
this study, we characterize the arginine-glycine-glycine
(RGG) motif containing RBP family of Arabidopsis thaliana
representing homologues of the multifunctional translation
regulators and ribosomal preservation factors Stm1 from
yeast (ScStm1) and human SERBP1 (HsSERBP1). The Arabi-
dopsis genome encodes three RGG proteins named AtRGGA,
AtRGGB and AtRGGC. While AtRGGA is ubiquitously
expressed, AtRGGB and AtRGGC are enriched in dividing
cells. All AtRGGs localize almost exclusively to the cytoplasm
and bind with high affinity to ssRNA, while being capable to
interact with most nucleic acids, except dsRNA. A protein-
interactome study shows that AtRGGs interact with ribo-
somal proteins and proteins involved in RNA processing and
transport. In contrast to ScStm1, AtRGGs are enriched in
ribosome-free fractions in polysome profiles, suggesting
additional plant-specific functions. Mutant studies show that
AtRGG proteins differentially regulate flowering time, with a
distinct and complex temperature dependency for each
AtRGG protein. In conclusion, we suggest that AtRGGs

function in fine-tuning translation efficiency to control
flowering time and potentially other developmental pro-
cesses in response to environmental changes.
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1 Introduction

Translational control is required to regulate gene expression
and protein production. It is important during development
and under stress conditions to allow rapid adaptation to
changing environments. As plants are sessile, they are
exposed to drastic daily and seasonal changes of tempera-
ture, light intensity and duration, as well as water avail-
ability. To survive, plants adjust gene expression and protein
production at multiple levels, including translation. Trans-
lation of mRNAs into proteins belongs to the major energy
consuming processes in every cell and therefore has to be
tightly regulated depending on the developmental status and
environmental condition of a cell (Edwards et al. 2012;
Kosmacz et al. 2019; Merchante et al. 2017). Control of cyto-
plasmic mRNA translation represents a very effective
mechanism to rapidly adapt to environmental changes. In
general, translation can be divided into three phases: initi-
ation, elongation and termination/recycling (Browning and
Bailey-Serres 2015). The initiation phase uses at least ten
eukaryotic initiation factors to locate the initiator tRNA
(Met-tRNA) together with the start codon of the mRNA to the
P site of the 40S ribosomal subunit forming the 48S pre-
initiation complex (PIC). The PIC then associates with the 60S
ribosomal subunit forming the 80S initiation complex, which
is ready for protein biosynthesis during the elongation
process (Blanchet and Ranjan 2022). Translation regulation
most frequently occurs during the initiation phase, which
also shows the highest diversification among the kingdoms
of life. Modification of ribosomal proteins, initiation factors,
or elongation factors is widely employed to globally adjust
translation rates to the cellular requirement. In parallel,
trans-acting factors such as RNA-binding proteins (RBPs) or
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microRNAs allow mRNA-specific translational control
(reviewed in (Hershey et al. 2012; Blanchet and Ranjan 2022)).
To respond to environmental changes, different mecha-
nisms have been described that reversibly suppress global
mRNA translation in eukaryotes. This is essential, for
example, during starvation or in response to stress such as
heat, drought and high salt conditions, respectively
(Chen et al. 2021). To control translation during cellular
stress, the Saccharomyces cerevisiae Suppressor of Target of
Myb protein 1 (ScStm1) or its mammalian homolog SERPINE
mRNA-binding protein1 (HsSERBP1) can associate with
ribosomes by inserting an α-helix into the mRNA entry
channel sterically occluding mRNA association and pre-
venting ribosome dissociation (Balagopal and Parker 2011;
Ben-Shem et al. 2011; Brown et al. 2018; Smith et al. 2021; Van
Dyke et al. 2006; VanDyke et al. 2013). Both proteins belong to
the arginine-glycine-glycine (RGG)motif-containing proteins
within the RBPs. Target of rapamycin complex 1 (TORC1)
was recently shown to phosphorylate ScStm1 and HsSERBP1
thereby reactivating translation (Shetty et al. 2023). During
translation elongation ScStm1 stabilizes and enhances
binding of the eukaryotic elongation factor eEF2 on 80S
ribosomes in its GTP-bound state and together with eEF3
promotes elongation (Hayashi et al. 2018; Van Dyke et al.
2009). Furthermore, ScStm1 recruits the DEAD-box helicase
ScDhh1 to translating ribosomes leading to mRNA degrada-
tion (Balagopal and Parker 2009). Although ScStm1 is pri-
marily considered as a ribosome-associated protein, it also
binds to G-quadruplexes, secondary structures that can be
formed in G-rich sequences in both RNA and DNA, and it has
been further shown to be associatedwith sub-telomeric DNA
sequences in the nucleus (Lightfoot et al. 2019; VanDyke et al.
2004; Yan et al. 2021). Similarly, the human homolog
HsSERBP1, which is upregulated in a number of cancers
(Colleti et al. 2019), is involved in various biological pro-
cesses. For example, HsSERBP1 can stabilize dormant 80S
ribosomes by replacing the mRNA (Smith et al. 2021), func-
tions in the recruitment of transcriptional repressors to DNA
(Poole and Sinclair 2022), or interacts with cellular target
mRNAs and viral RNA to regulate their translation, stability
and replication, respectively (Brugier et al. 2022; Colleti
et al. 2019; Yuan et al. 2022). Notably, due to the lack of
canonical RNA-binding motifs such as RRM domains in
ScStm1 and HsSERBP1, it is still unclear how these well
investigated RBPs recognize and bind their target RNAs and
DNAs (Baudin et al. 2021).

Comparably little is known about the role of RGG box-
containing proteins in plants and their involvement in the
regulation of translation during development or in response
to environmental changes. Here, we characterize the three
RGG box-containing proteins AtRGGA, AtRGGB and AtRGGC

of Arabidopsis thaliana (Arabidopsis), which represent
ScStm1 and HsSERBP1 homologues. Of those AtRGG proteins,
only AtRGGA was previously described as an RGG box-
containing RBP that influences tolerance to salt and drought
stress (Ambrosone et al. 2015).We experimentally tested if all
AtRGGs are capable to bind various types of nucleic acids
and further studied their functional conservation by
complementation assays in yeast. We analyzed the expres-
sion pattern and subcellular localization of all three AtRGG
proteins. Additionally, we investigated the interaction of
AtRGGs with active ribosomes by polysome profiles in
comparison to ScStm1 and analyzed a protein interactome,
using AtRGGB as an example. Finally, we report phenotypes
of single and multiple rgga, rggb and rggc knock-down/
knock-outmutants under various environmental conditions,
showing their role in temperature dependent flowering time
regulation.

2 Results

2.1 The Arabidopsis genome encodes three
RGG proteins capable of interacting with
nucleic acids

We screened the genome of A. thaliana for potential homo-
logues of Suppressor of Target of Myb protein 1 from S. cer-
evisiae (ScStm1) and SERPINE1mRNA-binding protein 1 from
Homo sapiens (HsSERBP1) and identified a small protein
family composed of three members named AtRGGA
(At4G16830), AtRGGB (At4G17520) and AtRGGC (At5G47210).
This protein family is specified by its N-terminal STM1-like
domain and its internal hyaluronan/mRNA-binding domain
(Figure 1A and B). In addition, AtRGGs contain an internal
and a C-terminal arginine-glycine (RG)-/arginine-glycine-
glycine (RGG)-motive forming regions of low complexity
(RLC). A similar RLC is also present in the C-terminal region
of ScStm1 containing additionally a stretch of asparagines.
The human homologue HsSERBP1 contains a C-terminal
RG-/RGG-motif, similar to the corresponding region in
AtRGGs. An alignment of the five proteins shows their con-
servation over the entire sequence with ScStm1, ranging
between 22 % and 25 % amino acid identity (AtRGGA 22.3 %,
AtRGGB 22.7 % and AtRGGC 24.9 %) and with HsSERBP1
ranging between 23 % and 29 % (AtRGGA 28.6 %, AtRGGB
23.2 % andAtRGGC 25.0 %) (Figure 1B). AtRGGs show a higher
sequence conservation among themselves with 53.2 %
identity between AtRGGA and AtRGGB, 57.8 % identity be-
tween AtRGGA and AtRGGC and 64.1 % identity between
AtRGGB and AtRGGC, respectively. Phylogenetic comparison
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of AtRGGs with homologs from other plants, animals and
fungi shows their high evolutionary conservation, suggest-
ing functional conservation (Figure S1). Notably, ScStm1
clustered most closely to sequences of other fungi and
mammals, whereas plant homologs form a separated sub-
clade. Based on the presence of aHyaluronan/mRNA-binding
domain in all three Arabidopsis proteins, we assumed that,
similar to ScStm1, they interact with nucleic acids. Binding of
AtRGGA to isolated total mRNA from Arabidopsis has been
shown previously (Ambrosone et al. 2015). To clarify if all
AtRGGs can bind nucleic acids, we purified recombinant
His6-MBP-AtRGG fusion proteins from Escherichia coli and
used them in a MicroScale Thermophoresis (MST) assay
together with synthesized Cy3-labeled 25-nt ssRNA, dsRNA,
ssDNA or dsDNA for in solution interaction studies. All
AtRGGs were able to bind ssRNA, ssDNA as well as dsDNA
with different affinities (Figure 1C–F). Binding to dsRNA
could not be detected, while the other nucleic acids were
bound with dissociation constants (KD) ranging between
6.56 ± 2.25 µM – 12.18 ± 4.00 µM for dsDNA, 2.97 ± 0.98 µM –

3.98 ± 1.42 µM for ssDNA, and 1.46 ± 1.2 µM – 4.20 ± 1.73 µM
for ssRNA (Figure 1C–F). The strongest general binding
affinity to nucleic acids could be measured from AtRGGA to
ssRNAs (KD 1.46 ± 1.2 µM). Whereas AtRGGB showed a lower
binding affinity (KD 3.65 ± 0.89 µM) and AtRGGC displayed
the lowest affinity to ssRNA (KD 4.20 ± 1.73 µM). All AtRGGs
are also capable to bind to ssDNA with similar affinities
(KD 2.97 µM–3.98 µM) and dsDNA with generally lower
affinity (KD 6.56 µM–12.18 µM). To verify the binding to
ssRNA and dsDNA we also performed an electrophoretic
mobility shift assay (EMSA). A clear shift of ssRNA and
dsDNA can be seen with increasing amounts of added
recombinant protein (Figure S2). In conclusion, all AtRGGs
represent single stranded RNA-binding proteins (RBPs) that
are also capable to interact with DNA in vitro.

2.2 AtRGG proteins partially associate with
ribosomes

To test if AtRGGB (as an example of the RGG family) is a
functional ortholog of ScStm1 in yeast we tried to rescue the
yeast Δstm1 phenotype. As the previously published ScStm1
mutant strain was not available anymore, we obtained a
ScStm1 deletion strain (Δstm1) and the isogenic parental
strain BY4741 as control from the Saccharomyces Genome
Deletion Project (Winzeler et al. 1999). Previously, hyper-
sensitivity of a stm1-mutant against the antibiotic rapamy-
cin, an inhibitor of the TOR signaling pathway, was reported

(Van Dyke et al. 2006). Using Δstm1, we could detect only a
modest, insignificant growth reduction in the presence of
rapamycin. On plates, parental strain BY4741 and Δstm1
grew colonies of a similar size and for both strains we
observed a comparable growth reduction on media con-
taining rapamycin after 48 h. Only after 72 h growth on
rapamycinΔstm1 colonies seemed slightly smaller compared
to BY4741 (Figure 2A). As we were not able to reproduce the
published phenotype with the new strains, we could not test
the orthologous nature of RGGs to ScStm1 with this strategy,
due to the lack of a physiological phenotype. However, we
were able to biochemically compare the molecular function
of RGGs and ScStm1 in yeast. ScStm1 was reported to asso-
ciate with ribosomes to control translation initiation and
elongation (Hayashi et al. 2018; Van Dyke et al. 2006; Van
Dyke et al. 2009). To analyze functional similarities, we
expressed AtRGGB and ScStm1 in the Δstm1 strain using a
galactosidase-inducible promoter and generated polysome
profiles from logarithmically growing cell cultures
(Figure 2B and C). Western blotting against the large ribo-
somal subunit protein RPL14 confirmed its presence in the
60S and 80S fractions. As previously reported, we detect
ScStm1 in fractions containing 80S monosomes and poly-
somes (Figure 2B) (Balagopal and Parker 2009; Balagopal and
Parker 2011; Van Dyke et al. 2009). ScStm1 could only be
weakly detected in low-density fractions that are devoid of
ribosomal subunits. This indicates that the majority of
ScStm1 is bound to ribosomes and/or ribosome-associated
mRNAs. In contrast, AtRGGB is mainly found in low-density,
ribosome-free fractions and only a small amount of protein
co-sediments with 40S and 60S ribosomal subunits
(Figure 2C).

To test whether RGGs exhibit increased association with
plant ribosomes, we analyzed the sedimentation behavior of
all AtRGGs in polysome profiles using reporter lines
expressing GFP fusion proteins under control of their
endogenous promoters in Arabidopsis. The expressed GFP
fusion proteins are functional and can rescue the mutant
phenotypes, which we will be described in detail below.
Protein extracts from 10 days old seedlings were separated
on sucrose gradients and the distribution of ribosomal
subunits wasmonitored by UV absorbance andWestern blot
experiments detecting the ribosomal proteins RPS10 and
RPL5 as markers of the 40S and 60S ribosomal subunits.
Similar to the results in yeast (Figure 2C), all three
AtRGG-GFP fusion proteins were enriched in low-density
fractions (Figure 2D–F) indicating that the majority of RGG
protein does not associate with 80S ribosomes or ribosome-
bound mRNA that sediment deeper in the gradient. All

A. Bleckmann et al.: Cytosolic RGG RNA-binding proteins in Arabidopsis 1071



Figure 1: The Arabidopsis genome contains three genes encoding arginine-glycine-glycine (RGG) motif-containing RNA-binding proteins (AtRGGA,
AtRGGB and AtRGGC) capable of binding preferentially single stranded nucleic acids. (A) Schematic illustration of protein domains identified in
Arabidopsis RGG proteins and their yeast (ScStm1) and human (HsSERBP1) homologs, respectively. All proteins are composed of two RNA-binding
domains, an N-terminal STM1 or N-HABP4, and an internal HABP4-PAI domain. Regions of lower complexity, but rich in arginine (R) and glycine (G) (RLC)
are indicated. (B)Multiple sequence alignment of the proteins depicted in panel (A). Identical amino acids are shownwith black shading, conserved amino
acids are shaded in grays depending on the degree of conservation. Protein domains are colored according to (A). (C–F) In solution interaction study of
RGGs binding to ssRNA (C), ssDNA (D), dsRNA (E), and dsDNA (F) in MST assays. KD-values are indicated.
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AtRGG-GFP fusions could be detected, to a different extent,
in fractions containing 40S and 60S ribosomal subunits and
at a very low level in fractions containing polysomes
(Figure 2D–F and Figure S3). This suggests that in contrast to
ScStm1 in yeast (Figure 2B) only a very small fraction of RGGs
might be associated with actively translating ribosomes in
plants. To demonstrate that the GFP tag did not alter ribo-
some association of RGGs, we used an AtRGGB-specific
antibody to detect the endogenous, non-tagged protein. It
exhibited a sedimentation profile similar to the GFP-tagged
protein (Figures 2E and S3). This suggests that AtRGG pro-
teins might be functionally different from their yeast
homologue ScStm1 and serve other or additional functions.

2.3 AtRGGB interacts with proteins of
ribosomal subunits and active ribosomes

To identify the AtRGG interactome we expressed AtRGGB-GS
(AtRGGB fused to two Protein G modules and a streptavidin
binding peptide) in Arabidopsis PSB-D cell suspension cul-
ture under control of its endogenous promoter. A line
expressing the GS-tag only served as a control. GS-tagged
proteins were isolated from extracts treated with Sm
nuclease (Benzonase) by IgG affinity purification. Multiple
AtRGGB-GS interacting proteins could be purified and
identified by mass spectrometry, which were not enriched
or present in the control experiments employing the GS-tag

Figure 2: AtRGGs and their yeast homolog ScStm1 exhibit different ribosome association properties. (A) Growth of wild type yeast strain BY4741 and its
isogenic counterpart lacking ScStm1 (Δstm1Δ) were plated on YPD with and without rapamycin, respectively. Colony growth after 48 h and 72 h of
incubation is shown. (B–C) Fractionation of cytoplasmic lysates of Δstm1 yeast cells transformed with ScStm1 and AtRGGB constructs, respectively, using
sucrose gradient centrifugation. Migration of ribosomal 40S and 60S subunits as well as 80S ribosomes and polysomes is indicated. Top panels show RNA
distribution by UV absorption (at 254 nm) and bottom panels showWestern blots using antibodies against ribosomal proteins RPL14 as indicator for the
large 60S ribosomal subunit. HA-tag-specific antibodies indicate the distribution of ScStm1-HA (B) and AtRGGB-HA (C), respectively. (D–F) Polysome
profiles of Arabidopsis seedlings expressing AtRGGA-GFP (D), AtRGGB-GFP (E), and AtRGGC-GFP (F). Distribution of ribosomal subunits was confirmed by
Western blot using antibodies against a ribosomal protein of the large subunit (RPL5) and the small subunit (RPS18), respectively. Asterisk in (E) indicates
Western blot bands of RGGB-GFP and hash indicates bands of endogenous AtRGGB detected by an AtRGGB-specific antibody. AtRGGA and AtRGGC
separation was analyzed using a GFP-specific antibody.
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only (Figure 3A). The experiment was repeated in triplicate
and proteins were excluded that (1) were identified in only
one of the replicate experiments with a mascot score of less
than 80, (2) were identified in two or more of the control
experiments, (3) exhibited a higher mascot score in the
control experiments versus the AtRGGB pulldown, or (4) are
listed as common contaminants according to an extended
protein database of nonspecific proteins identified in 543
tandem affinity purification coupled to mass spectrometry
experiments (Van Leene et al. 2015). By this, we obtained a
final list of 193 potentially AtRGGB interacting proteins (Ta-
ble S3). From the putative interactors, 38 % are associated
with active ribosomes and most of these proteins are
structural components of the 40S (26 %) and 60S (65 %)
subunits, respectively (Figure 3A). 13 % of identified proteins
were predicted to possess a nuclear function, like histones
and histone modifying enzymes (48 % of this subgroup), or
a function involved in mRNA transport (28 %), rRNA
processing (12 %) and as transcription factors (12 %),
respectively – functions that AtRGGB has not previously
been associated with. Furthermore, 27 % (n = 53) plastidal
interactors were identified. However, 38 % of these pro-
teins are structural components of the plastid ribosomes
and might originate from promiscuous interaction after
cell lysis which do not reflect the in vivo situation since
AtRGGs have not been detected in plastids. Considering that
ribosomal proteins of both subunits represented the
dominating protein fraction, we investigated if AtRGGB-GS
shows a stronger ribosome association in PSB-D cells
compared to seedlings. Therefore, we generated a poly-
some profile from PSB-D suspension cell extracts. Similar to
seedlings, the main proportion of AtRGGB-GS could be
detected in the soluble non-ribosome containing fraction,
but we also observed AtRGGB in the 40S, 60S and 80S
fractions at slightly higher amounts compared with the
profile from seedlings (Figure 2E versus Figure 3B). Only
a faint signal can be seen in polysomal factions. These
findings support the hypothesis that plant RGGs can
interact with active ribosomes to likely influence their ac-
tivity and that this interaction likely depends on the cell
type, developmental stage and/or environmental condition.
To test whether AtRGGs can globally affect translation, we
added purified recombinantly expressed His6-MBP-AtRGG
fusion protein to a wheat germ extract-based in vitro
translation assay using Luciferase mRNA as template for
protein syntheses. Translation was quantified by the
determination of luciferase activity after two hours of
incubation at 23 °C (Figure S4). None of the AtRGG proteins
showed an effect on translation output. However, this does
not exclude the possibility that AtRGGs can control the
translation of specific RNAs or they impinge on translation

under specific conditions, e.g. in a developmentally regu-
lated manner or in response to specific environmental
changes.

2.4 AtRGG proteins are ubiquitously
expressed cytosolic proteins

Based on publicly available transcriptome data, AtRGG
genes are ubiquitously expressed in most tissues with the
exception of e.g. anthers and pollen which lack AtRGG
transcripts (Figure S5). To study AtRGG expression and
localization in more detail and with subcellular resolution,
we used the AtRGG-GFP fusion protein reporter lines
mentioned earlier. PRGGA::RGGA-GFP expressing Arabi-
dopsis lines showed homogeneous GFP fluorescence in all
sporophytic and gametophytic tissues analyzed including
root tips, lateral roots, leaves, during embryogenesis as well
as inmature ovules (Figure 4A, D, G, J). PRGGB::RGGB-GFP and
PRGGC::RGGC-GFP were expressed in all tissues similar to
AtRGGA, but generally displayed an increased fluorescence
intensity in young, dividing cells like the meristematic zone
of the root tip, emerging lateral roots, in meristemoids of
young leaves and in the shoot apical meristem (SAM,
Figure 4B, C, E, F, H, I, K, L, P, R). At the subcellular level, all
AtRGGs localized to the cytosol and were absent from
cellular organelles (Figure 4M and O). Rarely, weak
GFP-fluorescence could be observed in nuclei (Figure 4J–L,
M and O arrowhead).

2.5 Identification and generation of knock-
out/knock-down alleles of AtRGGs

To elucidate biological functions of AtRGGs, we identified
homozygous mutants for each gene (Figure 5A). For AtRGGA
we used the T-DNA insertion line rgga-t1 (SALK_143514),
which was previously described with an insertion in the
second exon (Ambrosone et al. 2015). In contrast, we located
the T-DNA insertion in the first exon. By using insertion
spanning primers, we could still detect low amounts of
transcript, which were strongly reduced compared to wt
(Figure S6A–C). For AtRGGB, a T-DNA insertion line was
available containing an insertion in the fifth intron (rggb-t2)
(Figure S6A and C). The insertion leads to a shortened tran-
script truncating the RGG-motif containing C-terminus of the
protein. Abundance of 5′ region transcripts was not affected,
whereas T-DNA spanning transcripts and the 3′ region were
not detectable (Figure S6B). As this mutant might not result
in a complete loss-of-function mutant, we additionally
created a deletion mutant using CRISPR/Cas9 using two
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guide RNAs. The mutant line rggb-cΔ, containing a 1466 bp
deletion affecting all conserved protein domains, was iden-
tified and likely represents a complete loss-of-function
mutant (Figure S6A and C). For AtRGGC, two independent
Salk T-DNA insertion lines with insertions in the second
exon (rggc-t1) and fourth exon (rggc-t2) were identified
(Figure S6A and C). rggc-t1 showed a strong reduction of
transcript levels and only a weak signal could be detected by
amplifying the 5′ region. However, using T-DNA flanking
primers we could not detect any signal indicating that a
stable transcript is not produced (Figure S6B). rggc-t2 rep-
resents a weak allele as reduced transcript levels were still
detectable in a T-DNA insert spanning PCR. By crossing, we
generated several double (rgga-t1/rggb-cΔ, rgga-t1/rggc-t2,
rggb-cΔ/rggc-t2) and triplemutants (rgga-t1/rggb-cΔ/rggc-t2).

2.6 rgg mutants show flowering time
phenotypes

To elucidate potential roles of AtRGGs during development
we analyzed the isolated rgg mutants growing at standard
growth conditions (Figure 5A). Neither the overall growth

analyzed by root growth rate (Figure S7), nor the size of the
adult plant is affected by AtRGG loss (Figure 5E; Anova
Bonferroni Group a). However, all singlemutants showed an
early flowering phenotype compared to wt, which is also
reflected by a reduced rosette leaf number and a reduced
rosette leaf area at bolting time (Figure 5B and C; Anova
Bonferroni Group b). Loss of AtRGGA or AtRGGB leads to a
slightly, but significantly earlier flowering time compared to
wt. Importantly, both rggb mutant lines exhibit the same
phenotype suggesting that the loss of the C-terminal RGG
motifs in rggb-t1 impairs AtRGGB function. Loss of AtRGGC
had the strongest effect on flowering time and rosette leaf
number, which are significantly reduced compared to wt
and also to rgga-t1 or rggb-cΔ single mutants (Figure 5B–D,
Anova Bonferroni Group d). Loss of AtRGGA and AtRGGB in
rgga-t1/rggb-cΔ double mutant leads to a slightly enhanced
phenotype compared to single mutants (Figure 5B, Anova
Bonferroni Group d), but is still weaker than rggc single
mutants (not present in Anova Bonferroni Group c).
The strength of the rggc flowering phenotype could not
be increased by loss of AtRGGA or AtRGGB, or both
(rgga-t1/rggc-t2, rggb-cΔ/rggc-t2 or rgga-t1/rggb-cΔ/rggc-t2
all part of Anova Bonferroni Group d in Figure 5B and C).

Figure 3: Protein interactome of AtRGGB in Arabidopsis suspension cells. (A) IgG affinity purification of Arabidopsis PSB-D suspension cells expressing
PAtRGGB::AtRGGB-GS and 35S::GS, respectively. Left: Separation of cell extract and IP eluates of GS and AtRGGB-GS expressing cells in a Coomassie-stained
SDS-PAGE as indicated. By mass spectrometry, 193 enriched proteins were identified in the AtRGGB-GS fraction. Right: GO-term analysis of RGGB-GS
interacting proteins. See Table S3 for details. RGGB especially interacts with ribosomal proteins as well as proteins involved in RNA processing and
transport, histones and proteins involved in histone modification as well as metabolic enzymes. 38 % of all proteins can be associated to the ribosome
(red) either as structural components, as ribosomalmaturation factors or translation regulators. 13 %of all proteins (grey) are known to be localized to the
nucleus (stable or transiently), which can act in rRNA processing, mRNA transport, as transcription factors or histones. 27 % of all proteins localize to
plastids (green). Here most of the isolated plastid-localized proteins represent ribosomal proteins. (B) Polysome profile of AtRGGB-GS expressing PSB-D
cells performed as described in Figure 2. Endogenous AtRGGB is present in ribosome fractions, but highest protein amounts accumulate in light,
ribosome-free fractions.
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To confirm that the observed phenotypes are caused by the
respective mutants, we performed rescue experiments by
expressing AtRGG-GFP fusion proteins under control of the
native promoter in the corresponding mutant backgrounds.
The complementation lines could rescue the observed
phenotype. Some lines even promote later flowering pre-
sumably due to higher expression levels than wt supporting
the finding that AtRGGs play a role in flowering time control.

All single mutants show an early flowering phenotype with
smaller rosette leaf area at bolting whereas all gene reporter
lines show the tendency of late flowering with bigger leaf
area. These phenotypes indicate a function of AtRGG in the
transition of shoot apical meristem to an inflorescence
meristem. Other obvious growth defects could not be
observed under our controlled growth conditions. We
therefore suspect that observed changes in flowering time of

Figure 4: Expression pattern and subcellular localization of AtRGG-GFP-fusion proteins using endogenous promoters as indicated. (A–C) Expression
pattern in the root tip, (D–F) during lateral root initiation, (G–I) in the leaf epidermis and (J–L) in mature ovules. AtRGGs appear ubiquitously expressed,
but strongest signals are obtained in dividing cells. (M–O) Subcellular localization of AtRGG-GFP fusion proteins in epidermal root tip cells. Fusion proteins
occur almost exclusively in the cytoplasm. Faint signals are visible in nuclei (examples marked by arrowheads). (P–R) Expression pattern in the shoot
apical meristem (SAM). The center of the SAM is marked by an asterisk. Tissues in (A-D, F and J-O) were counterstained with propidium iodide (red). Scale
bars are 10 µm.
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Figure 5: AtRGGs control flowering time in Arabidopsis. (A) Images from indicated plant lines 32 days after germination (dag). This time point displays
the mean bolting time of wild type (Col-0) plants. (B) Quantification of bolting time, (C) rosette leave numbers formed at bolting time and (D) rosette leaf
area at bolting time. (E) Quantification of leaf area 35 dag. Number of samples per genotype are≧17 collected in two independent experiments. Graphs in
(B–E) showdata as jittered dots. Summary of data is shown as box plots with boxes indicating the interquartile range (IQR), whiskers showing the range of
values that arewithin 1.5*IQR and a horizontal line indicating themedian. Themedian line of Col-0 is drawn as dashed line through the diagrams. Notches
represent for each median the 95 % confidence interval (approximated by 1.58*IQR/sqrt(n)). The Col-0 confidence interval is highlighted by a grey box
throughout the diagrams. Significantly distinct groups were determined by one-way ANOVA with post hoc Bonferroni multiple comparison test (letters
indicate statistically identical groups; p < 0.01). Box plots are colored for easy orientation: white for wild type, yellow for singlemutants, orange for double
mutants and red for triple mutants. The rescue lines are shown in green. Scale bar is 2 cm.
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rgg mutants could be attributed, for example, to a role in
regulating translation of mRNAs associated with flowering
time.

2.7 RGG effect on flowering time is
temperature dependent

AtRGGA was already described as an RBP involved in salt
and drought stress responses (Ambrosone et al. 2015). In that
study, authors also mention a late flowering phenotype of
the analyzed rgga-t1 mutant, which is in contrast to our
findings. We wondered how this discrepancy could be
explained and suspected a strong influence of environ-
mental conditions, like temperature, on growth behavior
and flowering transition in these mutants. Therefore,
we grew all rgg mutants at different temperatures between
18 °C and 25 °C and analyzed flowering time. The effect of
AtRGGC loss on flowering time was not altered by temper-
ature. rggc grown at 18 °C and at 23 °C display an early
flowering phenotype, which is still observable at 25 °C, but
less pronounced compared to lower temperatures (Figure 6).
The weak early flowering phenotype of rgga-t1 and rggb
single mutants as well as the double mutants was not visible
at 18 °C (Figure 6). On the other hand, a growth temperature
of 23 °C leads to a conversion of the early flowering pheno-
type of rgga-t1 visible at 21 °C to a weak late flowering
phenotype, even though the difference is not significant. At
elevated temperature, both rggb single mutant lines still
showed a tendency of early flowering even though the early
meristem transition is only indicated by the rosette leaf
number at 25 °C. For rgga-t1/rggb-cΔ double mutant, the
opposite phenotype of rgga-t1 single mutant at 23 °C is
compensated at the level of flowering time but not at the
level of rosette leaf number. Here, the tendency of early
flowering (Anova Bonferroni Group b) dominates. At 25 °C
the flowering phenotype is hardly visible but can still be
measured at the level of produced rosette leaves even
though the difference isn’t significant due to high variance.
Notably, the rgga/rggb double mutants as well as the triple
mutant show a very high variance in flowering time.
Moreover, expression of AtRGG-GFP fusion proteins induced
a late flowering phenotype at 18 °C (Anova Bonferroni Group
e). At 21 °C, 23 °C and 25 °C AtRGG-GFP expression comple-
ments the flowering phenotype of the single mutants at the
level of flowering time (Anova Bonferroni Group a). At the
level of rosette leaf number, the expression of AtRGGA-GFP
and AtRGGC-GFP induces a late flowering phenotype at 21 °C
(Anova Bonferroni Group e and f). At 25 °C only AtRGGA-GFP
shows a significantly increased rosette leaf number
(Anova Bonferroni Group d), whereas AtRGGB and AtRGGC

behave like wt (Anova Bonferroni Group a). In summary,
these observations show that AtRGG proteins are involved in
flowering time regulation and integration of temperature
into this developmental process. We show that in contrast to
AtRGGC, only AtRGGA and AtRGGB regulate flowering time
in a temperature dependent manner, highlighting that
AtRGG functions are complex and only partially redundant.

3 Discussion

Translational control plays an important function in
adjusting gene expression to the cellular requirements. E.g.
the exposure of plants to light or darkness as well as cold
treatments leads to massive increase or inhibition of trans-
lation which precedes changes at the transcriptional level
(Cheong et al. 2021; Floris et al. 2013; Juntawong and Bailey-
Serres 2012; Liu et al. 2012; Liu et al. 2013; Martinez-Seidel
et al. 2021). Furthermore, correlation studies of mRNA and
protein abundance during the day have shown that only
10 % of transcripts showing reduced translation also display
a decrease in their mRNA levels (Pal et al. 2013; Piques et al.
2009). Changes in transcriptome and proteome are strongly
correlated under standard conditions in most processes, but
this correlation is lost upon injury, pathogen infection or
after exposure to heat. This indicates that transcription
and translation are differently coordinated under stress
conditions (Chen et al. 2021). Cytoplasmic RNA binding pro-
teins (RBPs) have been shown to play a key role during
translation repression, activation and mRNA decay (Despic
andNeugebauer 2018; Duarte-Conde et al. 2022).We describe
here three homologues of the translational modulator Sup-
pressor of Target ofMyb protein 1 from S. cerevisiae (ScStm1)
named AtRGGA, AtRGGB and AtRGGC containing a number
of internal and C-terminally located RGG-motives. All three
AtRGGs are RBPs and can bind to ssRNA and ssDNA as well
as to dsDNA albeit with lower affinity. At the subcellular
level AtRGGs locate to the cytoplasm where they mainly
interact with ribosome-free mRNA but can also be found
co-sedimenting with 40S and 60S ribosomal subunits, as well
as with 80S monosomes and polysomes. Furthermore, the
AtRGG interactome consists to a large extent of ribosomal
proteins. As the pull-down experiments were performed
with nuclease-treated samples, co-precipitated proteins are
very likely enriched through protein-protein interactions
rather than by RNA-based co-purification. The identified
structural ribosomal proteins can be mapped back to both,
40S and 60S subunits with a weak preference for proteins of
the small subunit. This indicates co-purification of whole
translationally active ribosomes rather than direct interac-
tion with the various ribosomal proteins. ScStm1 and its
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human homolog HsSERBP1 are present in crystal structures
obtained from inactive 80S ribosomes as inhibitors of mRNA
binding leading to ribosomal preservation (Ben-Shem et al.
2011; Giaever and Nislow 2014; Smith et al. 2021). The

structure of the plant 80S ribosome from tomato has been
resolved by cryo-EM recently and showed a generally con-
servation to its eukaryotic counterparts, but a ScStm1/AtRGG
homologue was not detected (Cottilli et al. 2022). In

Figure 6: AtRGGs influence flowering time in a temperature-dependent manner. Quantification of bolting time and rosette leave numbers initiated at
bolting time at indicated growth temperature. Number of samples per genotype are≧12 collected in two independent experiments. Graphs show data as
jittered dots. Summary of the data is shown as boxplots with boxes indicating the interquartile range (IQR), whiskers showing the range of values that are
within 1.5*IQR and a horizontal line indicating themedian. Themedian line of Col-0 is drawn as dashed line through the diagrams. Notches represent for
each median the 95 % confidence interval (approximated by 1.58*IQR/sqrt(n)). The Col-0 confidence interval is highlighted by a grey box throughout the
diagrams. Significantly distinct groups were determined by one-way ANOVA with post hoc Bonferroni multiple comparison test (letters indicate
statistically identical groups; p < 0.01). Box plots are colored for easy orientation: white for wild type, yellow for singlemutants, orange for doublemutants
and red for triple mutants. The rescue lines are shown in green.
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Arabidopsis, the majority of AtRGGs proteins is detected in
ribosome-free, 40S and 60S containing fractions and only a
low protein amount is detected in 80S containing fractions.
The association of AtRGGs with 80S ribosomes and poly-
somes is in agreement with the function of ScStm1, which
stabilizes eEF2 on the 80S ribosome during translation
elongation and interfere with the elongation factor eEF3
thereby affecting optimal translation elongation (Hayashi
et al. 2018; Van Dyke et al. 2009). Notably, in polysome pro-
files, ScStm1 as well as HsSERBP1 were mostly absent from
ribosome-free fractions and co-sedimented with ribosomal
proteins (Muto et al. 2018; Van Dyke et al. 2006). This is in
contrast to AtRGGs, which are enriched in ribosome-free
fractions and fractions containing 40S and 60S subunits. The
enrichment of ribosomal proteins of the small subunit could
hint to a function of AtRGG during translation initiation
which shows the highest diversification in kingdoms of life,
whereas elongation and termination phase are more pre-
served (Browning and Bailey-Serres 2015). This indicates the
evolution of possible additional and extra-ribosomal func-
tions of AtRGGs in plants which is further supported by the
clear separation of plant homologues from those of yeast and
mammals, which cluster together in a phylogram.

AtRGGA seems to be associated with mRNAs essential
for osmotic stress regulation (Ambrosone et al. 2015). How-
ever, the most obvious phenotype exhibited by rgg mutants
was an early flowering phenotype, which could be altered to
varying degrees of growth temperatures. These findings
indicates that all AtRGGs likely interact with different sub-
sets of mRNAs involved in floral transition, stress responses
and likely other biological processes. Especially from studies
on floral induction by the photoperiodic pathway that is
mainly based on the circadian oscillator network, we have
learned that oscillation of transcript abundance occurs
during the day (reviewed in (Mateos et al. 2018; Webb et al.
2019)). This involves not only changes in gene expression
levels, but also mRNA stability and decay, and translation
control efficiencies. Connecting these results to the function
of AtRGG proteins this study helps to understand how
plants control the generation of flowering time regulators
andfine-tune them in response to environmental conditions.
For this, an important next step will be the identification of
bound mRNAs and their translation status in a time (before
and after flowering induction), or treatment-dependent
manner. It will be important to elucidate whether binding
affinities of AtRGGs to target mRNAs change, or if they
influence translation initiation in a temperature-dependent
manner.

The yeast homolog ScStm1 was originally identified as
a G-quadruplex (G4) DNA binding protein (Frantz and

Gilbert 1995). Such G4-structures have multiple genetic
functions and impact gene expression, DNA replication and
telomeremaintenance in the nucleus and translation in the
cytoplasm and via genetic instabilities in replication and
transcription ultimately may lead to diseases and cancer
(reviewed in (Griffin and Bass 2018; Rhodes and Lipps 2015;
Teng et al. 2023)). A potential function of AtRGGs as nuclear
proteins cannot be excluded taking into account that
nuclear proteins such as histones and transcription factors
were identified as putative interactors of AtRGGB. How-
ever, the very weak GFP signals observed in nuclei of
diverse sporophytic and gametophytic plant tissues and the
weaker interaction with dsDNA does not support the
assumption that AtRGGs possess major nuclear functions at
standard conditions like those reported for their yeast
homolog. But it cannot be excluded that AtRGGs shuttle to
the nucleus at certain environmental conditions and
possess also nuclear function(s). To study the dynamics of a
possible cytoplasm-nucleus shuttle at different environ-
mental conditions and to elucidate associated function(s)
is a very exciting, but also challenging task for future
experimentation.

From the results presented here, we hypothesize that
AtRGGs bind specific and only partly overlapping classes of
mRNAs and regulate their translation through direct
interaction with ribosomes, especially with the 40S subunit
(Figure 7). However, how the communication of AtRGGs
with ribosomes and the integration of environmental
changes takes place is still unclear. In conclusion, the pre-
sent study showed that AtRGG proteins regulate flowering
time in a temperature dependent manner. The results
contribute to our understanding of the multifunctional
RGG proteins in general and will help to elucidate how
plants respond to environment changes at the level of
translation regulation.

4 Materials and methods

4.1 Plant material and growth

Arabidopsis (A. thaliana; Col-0) and mutant plants were grown on
soil or on sterile GM Plates under long day conditions (16 h light at
21 °C and 8 h in the dark at 18 °C). Wild-type (wt) plants were trans-
formed via the floral dip method (Clough and Bent 1998). Transgenics
were identified by hygromycin resistance transmitted T-DNA insertion
and verified by PCR. Mutant lines rgga-t1 (SALK_143514), rggb-t2
(SALK_129052), rggc-t1 (SALK_129026) and rggc-t2 (SALK_010856) were
obtained from the Nottingham Arabidopsis Stock Centre. Homozygous
mutant plants were identified by PCR using primer pairs listed in Ta-
ble S1. An AtRGGB knockout line (rggb-cΔ) containing a
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1466 bp deletion (Δ138–1604) was generated by CRISPR/Cas9 using the
guide RNAs gRNA1 (5’ -GGAGGGAGAAACCAGAGGGA-3′) and gRNA2
(5′-GTACCAGCTTGAGAAGGAGGAS-3′) as described (Wang et al. 2015).

4.2 Reverse-transcribed PCR

Total RNAwas extracted from leaf material using the RNeasy Plant Mini
Kit (Qiagen) followed by DNaseI digestion. RNAwas reverse transcribed
into cDNA using the SuperScript™ III First-Strand Synthesis System
(Thermo Scientific). To study the presence of transcripts inmutant lines,
semi-quantitative PCR was performed for 35 cycles using primer pairs
listed in Table S1. Actin served as a reference. For each mutant line, the
5′-region of the transcript, the T-DNA spanning region and the 3′-region
were analyzed by individual PCRs using primer pairs listed in Table S1.

4.3 Generation of transformation vectors

Genomic DNA of Arabidopsis 1527 bp (AtRGGA), 1284 bp (AtRGGB) and
839 bp (AtRGGC) upstream of the start codon were used as promoter
regions and amplified together with the coding regions. See Table S1
for oligonucleotide sequences. DNA fragments were cloned into
pENTR-D-TOPO (Thermo Scientific). In following LR-reactions, using
pAB132 (Stahl et al. 2013) as destination vector, expression cassettes,
containingAtRGGA-,AtRGGB- andAtRGGC-GFP fusions under control of
the endogenous promoters, were generated.

To express AtRGGB in Arabidopsis PSB-D suspension cells, the gene
locuswas amplified as described above and cloned into pGreen0179-3′GS
using KpnI and HindIII restriction sites (Antosz et al. 2017). As negative
control for pulldown experiments pCambia2300-3′GS was used as
described (Antosz et al. 2017). To express AtRGGB in yeast cells, the
coding sequence was amplified from Arabidopsis leaf cDNA and cloned
into pBG1805 by Gateway-technology (Gelperin et al. 2005) allowing
AtRGGB-HA-His6 expression under control of a galactose-inducible
promoter. The vector PGal::Stm1-HA-His6 (YSC3869) was purchased from
DharmaconTM HorizonTM.

To generate recombinant proteins in E. coli, coding sequences of
AtRGGA, AtRGGB and AtRGGC were amplified from Arabidopsis cDNA
and cloned into the pENTR-D-TOPO vector. In following LR-reactions,
using pDEST-His6-MBP (Nallamsetty et al. 2005), His6-MBP-RGGA,
His6-MBP-RGGB and His6-MBP-RGGC were generated.

4.4 Affinity protein purification of RGGs from E. coli and
Arabidopsis suspension cells

Arabidopsis suspension-cultured PSB-D cells were maintained and
transformed as previously described (Van Leene et al. 2011). Affinity-
purification of RGGB-GS from cultured suspension cells was performed
and analyzed as described in (Antosz et al. 2017). His6-MBP-RGGA,
His6-MBP-RGGB and His6-MBP-RGGC were expressed in NiCo21(DE3) by
induction with 1 mM IPTG at an OD600 of 0.4. After 4 h at 37 °C cells were
collected and resuspended in buffer A (50mM NaH2PO4 pH 8, 300mM
NaCl, 0.5 % (v/v) Tween20®) + Protease Inhibitor (Roche) + Benzonase®

Nuclease and lysed by sonication. The supernatant (after 12,000 g for
20 min at 4 °C) was incubated with Ni-Sepharose6 Fast flow resin
(GE Healthcare) for 30 min. Beads were washed five times with buffer
A + 50 mM imidazole followed by elution with buffer A + 500mM
imidazole. Eluates were dialyzed against ice cold protein buffer
(50 mM NaH2PO4 pH 7.4, 150 mM NaCl, 5 mM MgCl2), using 10 K MWCO
SnakeSkin (Thermo Scientific). After concentrating 5 ml dialysates with
Amicon® Ultra-15 Centrifugal Filter Units (30 kDa MWCO) to 500 µl,
target proteins were further purified using the Superdex200 Increase
10/300 GL column at an ÄKTA pure chromatography system (Cytiva).

4.5 MicroScale thermophoresis (MST) assays

To test the binding affinity of AtRGG proteins with nucleic acids,
microscale thermophoresis (MST) assays were carried out with a Mon-
olish NT.115 (NanoTemper Technologies) as described previously
(Ehrnsberger et al. 2019). RGG proteins were mixed with 200 nM 25-nt
Cy3-labeled ssRNA, dsRNA, ssDNA or dsDNA oligonucleotides. Samples
were loaded into glass capillaries (NT.115 Standard Treated Capillaries)
and measured at 40 % MST power and 50 % LED power. Recorded data
were analyzed with MO.Affinity Analysis Software v2.3 (NanoTemper
Technologies).

4.6 Electromobility shift assays (EMSAs)

Annealed Pentaprobe PP1 Oligos (Bendak et al. 2012) was used to test
dsDNA binding capacity. ssRNA pentaprobe was generated by in vitro
transcription from PP1 cloned into pCRTM Blunt II-TOPO® vectors

Figure 7: Functional AtRGG model. Cytosolic AtRGG proteins are bound to single stranded mRNA regions and control their translation by direct
interaction especially with the small subunit of the ribosome aswell as with 80Smonosomes in an environmental and developmental dependentmanner.
How environmental triggers, such as temperature, or osmotic stresses mechanistically affect AtRGG function and whether the three AtRGGs bind to
different subsets of mRNAs remained unclear.
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(Thermo Scientific). ssRNA probe was synthesized using HiScribe™ T7
High Yield RNA Synthesis Kit (NEB). 150 ng nucleic acid probes were
each incubated with RGG protein in gel shift buffer (10 mM Tris/HCl pH
8, 15 mM KCl, 0.5 mM EDTA, 1 mM DTT, 10 % glycerol, 0.1 % TritonX100)
at room temperature for 30 min. Reactions were separated in a 6 %
native acrylamide/bis-acrylamide (29:1) gel in TBE buffer. Nucleic acid
probes were stained using SYBR® Green EMSA gel stain (Molecular
ProbesTM).

4.7 In vitro translation assay

The Wheat germ extract (Promega), a cell-free eukaryotic translation
system, was used to study the effect of AtRGGs on translation. In a
standard translation reaction, 1 µg Luciferase control mRNA and 10 µg
purified RGG protein (or buffer) was added. After 2 h at 23 °C Luciferase
was quantified by ONE-Glo™ Luciferase Assay System (Promega)
measured in a SPARK® multimode microplate reader (TECAN).

4.8 Yeast transformation and growth assays

Yeast strains were grown in YPD medium or in YGP medium. Trans-
formation of yeast strains was performed as described (Gietz and
Schiestl 2007). Yeast strains transformed with galactose-inducible
expression vector pBG1805 (Ura3) (Gelperin et al. 2005) were selected
and propagated on synthetic defied (SD) medium-URA. For growth
assays, pre-cultures were diluted to an OD600 of 0.5 and 10 µl spread on
YPD with or without 100 ng/ml rapamycin. Plates were incubated at
30 °C and documented at indicated time points. Δstm1 (YLR150W; Clone
ID 4107; MATa) and the parental strain (BY4741; MATa, his3Δ1, leu2Δ0,
met15, Δ0, ura3 Δ0) were obtained from the DharmaconTM HorizonTM

yeast knockout collection. Strains were genotyped by PCR using the
primers BLA_Y_A_F and BLA_Y_D_R (Table S1) flanking the replaced
region. The junctions of the disruption were verified by amplification
using mutant-specific primers BLA_Y_A_F and KanB as well as wt spe-
cific primers BLA_Y_C_F and BLA_Y_D_R.

4.9 Polysome profiling

500mg seedling material was ground in liquid nitrogen and resus-
pended in lysis buffer (50mMTris/HCl pH7.4, 100mMNaCl, 5 mMMgCl2,
EDTA-free protease inhibitor (Roche), 1 mM DTT, 100 μg/ml cyclohexi-
mide). Crude extract was cleared by centrifugation (20,000 g; 10 min,
4 °C). RNA concentration was determined photometrically and extract
containing 300 µg of total RNA was loaded onto a linear 10–50 % (w/v)
sucrose gradient (12 ml) in lysis buffer. After centrifugation (35 000 rpm
for 3 h at 4 °C in SW41Ti rotor (Beckman Instruments)) UV absorbance at
254 nm was monitored during gradient fractionation using an ÄKTA
pure chromatography system (Cytiva). 400 μl fractions were
TCA-precipitated before Western blot analysis.

Yeast was grown 2 days in SD Medium-URA. 120ml YPG medium
was inoculated to an OD600 of ∼ 0.1 and incubated at 30 °C to an OD600 of
0.6. 100ml cultures were treated with 100 μg/ml cycloheximide for
10 min on ice. Cells were harvested, washed with lysis buffer (10 mM
Tris-HCl pH 7.5, 100 mM NaCl, 30 mM MgCl2, 0.1 mg/ml cycloheximide,
0.2 mg/ml heparin) and cell pellets frozen in liquid nitrogen. Extracts of
yeast cells were prepared by glass bead lysis in lysis buffer (10 mM

Tris/Cl ph 7.5, 100 mM NaCl, 30 mM MgCl2, 100 µM cycloheximide).
Extracts were cleared by centrifugation and extracts containing 200 µg
of total RNAwere separated in a linear 7–50 % sucrose (w/v) gradients in
loading buffer (50 mM Tris-acetate pH 7.5, 50 mM NH4Cl, 12 mM MgCl2).
After centrifugation (2:45 h; 39,000 rpm; 4 °C; Beckmann Sw41Ti rotor)
the gradient was fractionated and analyzed as describe before.

20 µl of each fraction was used to analyze protein distribution by
Western Blot. Blots were sliced horizontal into 2–3 parts to apply
different antibodies simultaneously (anti-GFP frommouse (11814460001;
MERCK) anti-RPS10 and anti-RPL5 from rabbits (Weis et al. 2015));
anti-HA from mouse (# 26183, Thermo Fisher); anit-RPL14 from rabbits.
AtRGGB-specific peptide antibody (CGREGRGPREGNQRD) was isolated
from rabbit (Pineda).

4.10 Microscopy

Fluorescent reporter lines were imaged using a Leica SP8 inverted
confocal laser scanning microscope usings a 40× oil objective (Leica, 1.3
N.A.) or a 63× oil objective (Leica, 1.3 N.A.). GFP fluorescence was
detected at 500–550 nm using a 488 nm laser. Propidium iodide was
detected at 570–650 nm with 561 nm excitation.

4.11 Bioinformatic analyses

Protein domains were identified by SMART (Letunic and Bork 2018)
and amino acid sequence alignments were generated by the T-coffee
program (Di Tommaso et al. 2011). Sequence identity and similarity
were quantified by the SIAS online tool (http://imed.med.ucm.es/
Tools/sias.html) using the alignment produced by t-coffee relative to
the length of the smallest sequence. RGG homologues of AtRGGB
were identified by PANTHER TREE VIEWER (Mi et al. 2019). The
phylogenetic tree was calculated by Simple Phylogeny (Madeira et al.
2022) and drawn by Interactive Tree Of Life (iTOL) v5 (Letunic and
Bork 2021). Expression profiles were analyzed using Genevestigator
(Hruz et al. 2008).

4.12 Accession numbers

All accession numbers are summarized in Table S2.
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