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Post-transcriptional regulation has far-reaching implications on the fate
of RNAs. It is gaining increasing momentum as a critical component in adjust-
ing global cellular transcript levels during development and in response to
environmental stresses. In this process, RNA-binding proteins (RBPs) are
indispensable chaperones that naturally bind RNA via one or multiple globu-
lar RNA-binding domains (RBDs) changing the function or fate of the bound
RNAs. Despite the technical challenges faced in plants in large-scale studies,
several hundreds of these RBPs have been discovered and elucidated globally
over the past few years. Recent discoveries have more than doubled the
number of proteins implicated in RNA interaction, including identification
of RBPs lacking classical RBDs. This review will discuss these new emerging
classes of RBPs, focusing on the current state of the RBP repertoire in Arabidop-
sis thaliana, including the diverse functional roles derived from quantitative
studies implicating RBPs in abiotic stress responses. Notably, this review
highlights that 836 RBPs are enriched as Arabidopsis RBPs while 1865 can be
classified as candidate RBPs. The review will also outline outstanding areas
within this field that require addressing to advance our understanding and
potential biotechnological applications of RBPs.

1. Introduction

RNA-protein interaction is an imperative checkpoint to fine-tune gene expression
at the RNA level. RNA-binding proteins (RBPs) interact with the untranslated
regions of RNAs that have cis-acting regulatory functions forming dynamic
ribonucleoprotein (RNP) complexes that control the fate of RNA. RBPs regulate
the synthesis, editing, processing (including capping, splicing and polyadenyla-
tion), transport and localization, storage, translation and turnover of RNA
(electronic supplementary material, figure S1) [1]. In plants, the diversity of
RBPs is rather complex. A vast repertoire of RBPs exists in mitochondria and
chloroplasts (for review see [2,3]); however, this review will focus more on the
nuclear-cytosolic RBPs.

Typically, classical RNA-binding domains (RBDs) are used to annotate RBPs
in silico based on the knowledge of conserved domain structure and function.
In plants, the RNA recognition motifs (RRM) and K homology (KH) domain
are among the most common classical domains. The RRM class is the most
represented and dominant classical RBD across all interactomes identified even
in yeast and animals [4,5]. Thus far and until recently, knowledge of RBPs in
plants was acquired mainly from targeted studies on individual proteins or via
bioinformatics predictions based on sequence homology with classical RBDs
identified in other kingdoms. Of late, global identification of proteins binding
in vivo to RNA has been made possible through RNA interactome capture
(RIC), a method where proteins are fixed to target RNAs by UV crosslinking
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and purified through affinity capture of polyadenylated
(poly(A)) RNA [5]. Although this method is biased towards
poly(A) RNA, it has set the basis for modifications to allow an
unbiased global identification of proteins interacting with
RNAs in vivo. The UV-crosslinking protocol is effective in select-
ing proteins that directly bind to RNA while discriminating
against uncrosslinked proteins including proteins that associate
as subunits of larger RNPs that have no direct contact with RNA
[5,6]. This is because the protocol does not facilitate protein—
protein crosslinking. In addition, the lysis buffer and stringent
washes applied permit the dissociation of non-covalently
associated protein—protein interactions. Also, stringent statistical
criteria are applied to proteins identified in both UV-crosslinked
and nUV samples in order to differentiate bona fide RBPs from
non-specifically bound proteins. Furthermore, western blot
analysis is performed to assess the sensitivity and selectivity of
the UV-crosslinking technique.

In Arabidopsis thaliana, over 800 RBPs were enriched in UV
crosslinked samples compared to control non-UV crosslinked
samples (electronic supplementary material, file S1) [6-10],
and recently, over 50 proteins were reported as enriched in
the cereal model plant Brachypodium distachyon [11]. These
results provide experimental evidence for numerous proteins
identified via in silico algorithms. In addition, the data offer
insights on the role of RBPs in stress responses [12]. Strikingly,
as in mammals and yeast (Saccharomyces cerevisae), the RNA
interactomes revealed novel outcomes with some surprises.
For example, many of the proteins trapped bound on to RNA
have not previously been linked to RNA-mediated processes,
including proteins of the intermediary metabolism [6,7,9].
RBPs have been also reported to play roles in circadian
rhythm, flowering transition and responses to biotic and abio-
tic stresses [8,12-18]. Overall, the studies on RNA-protein
interactions afford exceptional insights in the composition of
the proteins binding mRNA, underscoring the complexity of
in vivo RNA-mediated processes.

Given such diverse important roles of RBPs in plants, it is
imperative to foster the identification of the novel RBPs,
which consequently will facilitate the understanding of plant
molecular biology. Although a vast number of studies have dis-
covered an increasingly growing number of classical and novel
candidate RBPs, a lot remains to be uncovered from the hidden
core of the RNA-protein interactome world. In particular,
we need to understand the mechanisms regulating the
function of metabolic enzymes in RNA recognition and inter-
action and their enzymatic activity. Deep insights on such
post-transcriptional gene regulatory mechanisms will compre-
hensively enhance our understanding on the growth and
developmental processes in organisms.

The existence of RBPs in plant cells and their significance
in post-transcriptional gene regulation is a well-known
phenomenon yet to be fully comprehended. Hitherto, the
majority of studies only identified and functionally character-
ized a subset of the RBPs with targeted roles such as
hormonal responses [19,20], pathogen defence [13,21,22], abio-
tic stress [23-27], flowering [16,28] and circadian clock
[14,18,29]. These individual studies have demonstrated that
mutations in specific RBPs can depict severe phenotypes or

lethality indicating the crucial role of RBPs on the growth and [ 2 |

development of plants [30]. Then, only a limited number of
plant RBPs had experimental evidence, but this has signifi-
cantly improved following attempts by various research
laboratories to globally catalogue RBPs in vivo.

A limited number of RBPs were retrieved natively
from cultured Arabidopsis cells by oligo(dT) capture
and matrix-assisted laser desorption/ionization-time of flight
(MALDI-TOF) mass spectrometry [31]. Identified proteins
comprised of a suite of RRM containing proteins including
glycine-rich (GR) RBPs like AtGRP2, 7 and 8, cold-shock
domain (CSD) proteins, WHIRLY 3 and members of the chloro-
plast RBPs such as chloroplast RBP29, a protein shown to
interact with nuclear RNA [32].

Furthermore, the first global scale RBP repertoire was cap-
tured using the RIC approach employing UV crosslinking at
254 nm, oligo(dT) capture and tandem mass spectrometry per-
formed on cultured Arabidopsis cells derived from root cells of
Columbia-0 and Landsberg Erecta ecotypes, and 4-week-old
Arabidopsis plants (figure 1). This approach identified 1145 pro-
teins bound to mRNAs [6]. Moreover, quantitative RIC was
employed on drought stress-treated cultured Arabidopsis cells
identifying an additional 808 RNA-bound proteins [8].
In both independent studies, a total of 1953 proteins were
identified, of which 550 proteins were linked to RNA biology
and greater than 1000 were detected as novel candidates repre-
senting proteins not previously assigned an RNA-related
function. Notably, 399 proteins were significantly enriched
upon UV crosslinking when compared with the control non-
UV crosslinked samples. In this review, proteins enriched in
the UV crosslinked samples in comparison to the control
non-UV crosslinked samples will be classified as AtRBPs,
while the remaining novel proteins only detected in the UV
crosslinked samples will be termed candidate (cand)-AtRBPs.
RNA interaction for novel candidates such as clathrin heavy
chain (At3G11130) and catalase 3 were validated using RNA
electrophoretic mobility shift assay [6].

Moreover, only a limited number of RBPs (236 proteins)
were identified from leaves, suggesting potential challenges
associated with UV crosslinking efficiency in photosynthetic
active tissues [6]. Similarly, of the 405 proteins identified from
the Brachypodium RNA interactome, 203 were detected from
the seedlings and 287 from leaf mesophyll protoplasts [11].
This limitation may be due to the waxy cuticle leaf layer inter-
fering with the intensity of UV radiation reaching the
cytoplasm at wavelength less than 400 nm [33], leading to
insufficient crosslinking of RBP-RNA molecules. Recently, it
has been reported that an improved version of RIC could over-
come such difficulties. The improved RIC involves UV
crosslinking the leaf twice on the adaxial side and once on
the abaxial side unlike previously where the crosslinking was
performed two to three times on the same side of the leaf. In
both cases, 150 mJ cm™2 of UV light at 254 nm wavelength
was applied. Using the improved RIC, 717 proteins were ident-
ified in Arabidopsis leaves, with about 75% of these linked to
RNA biology [7]. Notably, a large number of chloroplast target-
ing ribosomal proteins and proteins linked to photosynthesis
supracomplexes including photosystems I and II were ident-
ified. However, just like other novel RBPs, it is necessary to
confirm the RNA-binding activity and target RNAs to shed
light on their functional significance in RNA regulations.

Additional evidence of RBP diversity in Arabidopsis was
revealed from etiolated Arabidopsis seedlings using the RIC
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Figure 1. A schematic workflow of the plant RNA interactome capture technique. (a) Plant samples are irradiated with UV light at a wavelength of 254 nm to fix
RNA and proteins that are in intimate contact. (b) Samples are ground in liquid nitrogen and cells are lysed in a buffer promoting denaturation of proteins.
(c) polyadenylated RNAs are pulled down using oligo(dT) magnetic beads followed by stringent washes, (d) recovered RNA—protein complexes are subjected
to RNAse digestion to release RNA-binding proteins (RBPs). (e) Proteins are quality checked and quantitatively analysed by (i) silver staining, (ii) western blot
(also for validation of the technique) and (iii) identification of the RBPs by mass spectrometry following trypsin digestion. (Online version in colour.)

approach. A total of 746 proteins were identified and among
these 299 were AtRBPs [9]. Three-quarters of these AtRBPs
possessed known RNA biology-related functions, while
only 46% of the cand-AtRBPs were linked to RNA biology.
Of interest to note is the limited capture of organelle localized
or targeted RBPs in particular mitochondrial and chloroplast
RBPs, e.g. only 18 pentatricopeptide repeat (PPR) proteins
were detected in the crosslinked samples, which is far fewer
than the 450 predicted PPRs in Arabidopsis [34]. Authors pos-
tulated that the low number of PPRs identified may be due to
the developmental stage of the etioplasts that are yet to differ-
entiate. The low number of PPRs can also be explained by the
limitation of the RIC approach, that enriches poly(A) RNA,
which are known to be limited in the mitochondria and chlor-
oplast [35]. Perhaps an organelle targeted enrichment would
enhance PPRs identification.

Another study using the RIC approach on Arabidopsis
mesophyll protoplast detected 325 proteins of which
100 are AtRBPs [10]. Similarly to the observations made
in previous studies[6,9], ribosomal proteins were highly rep-
resented, accounting for 38% of the UV-enriched proteins.
Besides, 70 proteins contained known RBDs, while 132 pro-
teins constituted cand-AtRBPs. The latter was dominated by
metabolic enzymes (49 proteins) and photosynthesis-related
proteins (29 proteins). Just like most novel cand-AtRBPs
from previous studies, their RNA-binding activity is yet to
be confirmed. However, RNA-binding capacity of some
enzymes such as the plant orthologue of yeast phospho-
glycerate kinase was noted in both yeast and human cells
[4] denoting that this enzyme and other plant enzymes
could play a role in RNA metabolism although they lack
conventional RBDs.
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Figure 2. Arabidopsis RBP repertoire identified by RNA interactome capture.
An overlap of all 2701 proteins (electronic supplementary material, file S1)
identified bound to mRNA upon UV cross-linking in leaf tissue (B) [7], leaf
and cultured Arabidapsis cells (M) [6,8], etiolated seedlings (R) [9] and
leaf mesophyll protoplasts (Z) [10]. (Online version in colour.)

Overall, novel insights are gained from these diverse RNA
interactomes generated from different plant tissues thus far. In
particular, the complexity and variation among the diverse tis-
sues or cells was depicted by the low overlap (figure 2).
Furthermore, the impact of environmental cues denote that
the scope and function of RNA-protein interactions is rather
broad and informative about the developmental and physio-
logical states within plant cells as is in other biological
systems such as animals and yeast.

3. Drought stress-induced RNA interactome
changes

As sessile organisms, plants are often subjected to variable
environmental conditions including extreme cues like drought,
heat and salinity that are unfavourable for their growth and
productivity. Adaptation to such adverse effects of stress
involves reprogramming of cellular events led by signalling
networks driving modifications in gene expression and
metabolism to turn on protective mechanisms. These activities
partly rely on post-transcriptional modifications that in turn
determine the ultimate fate of expressed genes. A proteomics
analysis of oligo(dT)-bound messenger RNP revealed that
peroxide-induced oxidative stress stimulated differential regu-
lation of Arabidopsis glycine-rich RBPs, AtGRP7 and AtGRP8
[31]. Expression of these two proteins was rapidly upregulated
upon oxidative stress. However, in response to drought stress,
the abundance (in the affinity-purified fractions) of AtGRP8
decreased [8].

A quantitative RIC approach was applied to investigate, at
the systems level, the effect of drought stress on the RBP reper-
toire and its biological significance. Of the 567 RNA-bound
proteins identified responding to the stress, abundance of 150
significantly (p <0.05) changed in association with RNA and
417 were time-dependent transient changes, either detected
only in the control (untreated) or treated samples [8], implying
that drought stress induced new RNA—protein interactions or
dissociations. Classical drought response proteins were
detected including abscisic acid (ABA) hypersensitive 1 (or
cap-binding protein 80), hyaluronan protein (AtRGGA) and
aldehyde dehydrogenase (ALDH) 7B4. The abundance of
these proteins increased over time in correlation with the
increase in ABA concentration [12]. In addition, intermediary
metabolism proteins were also modified linking post-transcrip-
tional gene regulation to stress-induced metabolic changes and

this may be indicative of the regulatory role of these RBPs [ 4 |

on their own mRNAs. Differential regulation of 44 spliceosome
components was observed denoting their key role in
orchestrating changes of the transcriptome in response to
exogenous cues [36]. Identification of splicing factors may
reflect a direct and/or indirect stress-induced splicing events
that have a direct effect on transcriptome and possibly pro-
teome changes under stress conditions. Thirty-two stress
granule components were detected in consistent with a tran-
scriptional arrest phenomenon. Transcriptional arrest has
been observed to occur during stress exposure, inducing
stress granule formation. Stress granules are supramolecular
cytoplasmic foci resulting from cytoplasmic aggregates of
non-translated mRNPs [37]. Stress granules have been detected
in other stress responses such as low oxygen, oxidative and
heat stress [38-40]. However, a comprehensive stress granule
focused research is required to gain insights on their global
composition and functional significance in stress adaptation.
Identification of RBPs including stress granule components
under various stresses is critical in determining common abio-
tic stress-induced targets that can have biotechnological
applications. Moreover, RBPs have been proposed as targets
to improve stress tolerance in crops, e.g. a recent study
showed that in halotolerant sugar beet (Beta vulgaris (Bv))
expression of BuSATO1, an RNA metabolism associated
RBE, was repressed by salt treatment, while in Arabidopsis
BuSATO1 increased salt tolerance [41].

Overall, various studies indicate that RBPs play crucial
roles in stress adaptation and tolerance with functions includ-
ing control and stability of metabolic process, RNA splicing
and RNA metabolic processes. These works set the foundation
for future mechanistic approaches to elucidate biological sig-
nificance of RBPs and their target RNAs in abiotic stress
responses and consequently towards crop improvement.

4. The contemporary RNA-binding protein

repertoire in Arabidopsis

Although different criteria were used to classify AtRBPs, var-
ious studies described in this review identified the largest
documented Arabidopsis RBP repertoire to date. Here, a
detailed view of the up-to-date state of the RBPome focusing
on experiments that used the RIC approach will be discussed
[6-10]. These five datasets are essential in understanding the
complexity of the post-transcriptional gene regulatory pro-
cesses in plants. It is also conceivable to speculate that some
of the identified RBPs may be regulated by RNA [42].
Altogether, the studies identified 2701 unique RNA-bound
proteins (figure 2), of which 31% (836 proteins) are classified
as AtRBPs (considering minimum enrichment of log, fold-
change greater than 1.5 and a FDR less than 5%) and 69%
(1865 proteins) as cand-AfRBPs (electronic supplementary
material, file S1). Of the AtRBPs identified, 456 proteins are
present in at least two studies and only 18 are common
in all the studies. Of the cand-AtRBPs, 216 proteins are
present in at least two studies. These small overlaps between
datasets can be due to various reasons such as differences in
the type and physiological states of the tissues used, growth
conditions, environmental stress, variation in analysis pipe-
lines including mass spectrometers, softwares and the
statistical criteria that were applied. Moreover, some known
RBPs were not enriched in the UV crosslinked samples
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Figure 3. Domains detected in the Arabidopsis RBP repertoires. Number of

proteins harbouring (a) classical RBDs, (b) non-classical RBDs and (c) unknown RNA

interacting domains in plants. The domains are uncovered from the 2701 determined Arabidopsis mRNA interactors identified upon UV crosslinking [6—10]). Note
that some domains such as ribosomal are a pool of individual domains (see electronic supplementary material, file S2). Classification of domains into classical, non-

classical and unknown RBDs is based on [4,6].

although they were identified in the control samples denoting
that they may be either involved in other molecular functions,
not interacting with mRNA at the time of the experiment and
possibly interacting with non-poly(A) RNAs or not efficiently
crosslinked due to, for example, the geometry of the specific
protein-RNA interactions.

5. RNA-binding protein repertoire reveals diverse
proteins with a wide range of RNA-binding
domains

In general, the data provide experimental evidence for
RNA-protein association for numerous in silico determined
proteins. For example, a total of 166 (greater than 80%) of 197
predicted RRM-containing proteins, 62 out of 182 helicases,
21 out of 28 predicted KH domain proteins, 11 out of 13
YT521-B homology and 10 out of 18 Nuclear Transport
Factor 2 were described (figure 3a; electronic supplementary
material, file S2). The most represented non-classical RBDs
are the ribosomal proteins comprising of 227 out of 524
Arabidopsis ribosomal proteins based on AgriGO (http://
bioinfo.cau.edu.cn/agriGO/). Numerous ribosomal proteins
have been shown to interact directly with mRNA and playing
extra-ribosomal functions in mRNA regulation [43].

Multiple zinc finger (zf) sub-types were noted such as
zf-CCCH, zf-C2H2, zf-CCHC, zf-RING, zf-PHD and zf-
RanBP (figure 3b). Various zf sub-types have been shown to
interact with RNA but some represent novel RNA interactions
[44,45]. Additionally, abiotic stress linked RBP families were
also identified including the tudor-SN, AtGRPs, Like-Sm
(LSM) and CSD proteins [15,46,47]. Remarkably, some stress-
linked domains are not evolutionarily conserved like the ortho-
logues of CSD3 (At2G17870) in animal systems that lacked the

CSD, suggesting that it may have evolved for plant optimal
survival under abiotic stresses [8].

Several other domains were detected within the Arabidopsis
RBP repertoire whose roles in RNA interaction are yet to be
fully elucidated, suggesting the existence of new modes of
RNA binding. Besides, the presence of uncharacterized RBDs
is not just a phenomenon in plants but spans from yeast to
human [4]. Essentially, the discovery of novel previously
unknown RBDs unveils new ways of looking at RN A-protein
research. Noteworthy is the presence of eight MIP domain
containing plasma-membrane intrinsic proteins (aquaporins)
(figure 3c). This class of proteins has not been directly linked
to RNA interaction. However, as transmembrane channels
transporting various substrates including small solutes, gases
and water [9,48], it is tempting to speculate that RNA may be
one of the substrates for aquaporins, contributing to cell-to-
cell transport just like protein assisted cell-to-cell movement
of RNA during virus infection [9,49].

Eight 14-3-3 containing proteins were identified that
belong to the general regulatory factor family (figure 3c).
14-3-3 containing proteins have roles in intracellular signalling
by directly regulating either catalytic activity of their interact-
ing partners, interactions between bound proteins and other
cellular molecules, or regulating subcellular localization.
Although their role in RNA interaction is yet to be established,
14-3-3 proteins may regulate protein-RNA interactions within
RNPs or establishing RNA localization.

Nineteen peroxidase domain-containing proteins were
detected (figure 3c). Peroxidases are well-known hydrogen
peroxidase scavenging enzymes that are essential in stress tol-
erance induced by oxidative stress [50,51]. A few peroxidases
have been shown to interact with RNA such as thioredoxin
peroxidase 1 from Plasmodium knowlesi [52]. Nevertheless,
in plants the role of peroxidases in RNA interaction is yet
to be elucidated.
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Figure 4. GO analysis of the Arabidopsis RBP repertoire enriched upon UV crosslinking. Number of proteins significantly enriched (adjusted p < 0.05) in the cat-
egories (a) ‘molecular function’, (b) ‘biological process’, (c) subcategory ‘response to stress” and (d) ‘cellular component’. Blue bars represent log, of the number of
candidate RBPs and orange bars log, of At-RBPs. Complete GO list is in electronic supplementary material, file S3. (Online version in colour.)

Eight GAPDH NAD-binding and GAPDH C-terminal
domain containing proteins were noted (figure 3c). Some
of these NAD-binding domain-containing proteins were
shown to interact with RNA during drought stress [8]. In
non-plant systems, in vivo and in vitro evidence confirm the
existence of RNA-binding activities within the NAD-binding
pocket of GAPDH [53-55]. GAPDH has been shown to bind
to diverse RNA species including AU-rich elements, tRNAs
and TERC [56,57]. Based on these evidences, it is tempting
to suggest that the same principle is conserved in plants,
and that GAPDH potentially interact with RNA through its
NAD-binding pocket.

6. Insights from the gene ontology analysis of
the Arabidopsis RNA—binding protein
repertoire

Gene ontology (GO) exploration using singular enrichment
analysis in AGRIGO facilitated categorization of the Arabidopsis
RBP repertoire (electronic supplementary material, file S3).
Arabidopsis genemodel TAIR9 was used as a reference with
advanced options: Fisher exact statistical test, Yekutieli (FDR
under dependency) as multi-test adjustment and p-value <
0.05. Molecular function analysis showed a bias towards cat-
egories such as ‘RNA binding’, ‘mRNA binding’, ‘poly(U)
RNA binding’, ‘single-stranded RNA binding’ ‘structural mol-
ecule activity” and ‘helicase activity’ (figure 4a). RNA binding
functions are highly enriched in both AfRBPs and cand-
AtRBPs, while catalytic activities are more enriched in the
cand-AtRBPs. Biological processes enriched included ‘RNA
metabolism processes’ and ‘response to stress’ (figure 4b,c).
Notably, 51 proteins were enriched in the category
‘photosynthesis’, representing an essential plant specific gene
regulatory network. Besides, a high number of proteins were

enriched in the category ‘catalytic activities” including various
classes of enzymes such as ATPases, helicases, hydrolyases,
lyases, oxidoreductases, peptidases, peroxidases and trans-
ferases, highlighting the diversity and complexity of RBPs
(figure 4b; electronic supplementary material, file S3). Notably,
23 proteins with glycolytic functions were identified, high-
lighting the existence of dual functionality as reported in
other systems [4,5]. Strikingly, some of these intermediary
metabolism proteins such as phosphofructokinase, GAPDH,
pyruvate dehydrogenase and ALDH7B4, are quantitatively
regulated by drought stress [8].

Determining localization is important to understand
the role of RBPs in intracellular trafficking of RNAs and loca-
lized protein biosynthesis and organelle biogenesis [58-61].
Although for years it has been proposed that translation is cus-
tomarily cytosolic or associated with the ER, recent studies have
reported the existence of nuclear encoded cytosolic mRNAs
and ribosomes on the surface of organelles such as mitochon-
dria and chloroplasts [62-67]. This essentially marks one of
the primary roles of RBPs in RNA trafficking and sorting.
Thus far, cellular compartments are significantly enriched in
the Arabidopsis RBP repertoire including ‘chloroplast’ (205
AtRBPs and 255 cand-AtRBPs), nucleus’ (130 AfRBPs and
244 cand-AtRBPs) and ‘mitochondrion’ (73 AtRBPs and 197
cand-AtRBPs) (figure 4d). These enrichments signal the exist-
ence of organelle targeted mRNA localization that could
serve in organelle surface translation machinery or translational
control. These enrichments partially denote the localization of
certain proteins like for 73 mitochondria A{RBPs, 7 and 13 pro-
teins are enriched in the mitochondrial lumen and envelope,
respectively (electronic supplementary material, file S3). This
paves the way for targeted functional analysis and detection
of their mRNA counterparts. However, globally, further eluci-
dation is warranted. Besides, targeting of mRNAs to the
surface of mitochondria for targeted translation would serve
as an efficient mechanism for mitochondrial function in ATP
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production in particular for the synthesis of metabolic enzymes
to allow for a rapid adaptation of energy metabolism according
to physiological and external environmental stimuli.

7. Amino acid motif enrichment in the
Arabidopsis RNA-binding protein repertoire

Analysis of amino acid sequence motif enrichment was per-
formed using the Discriminative Regular Expression Motif
Elicitation (DREME) with an E-value threshold of 0.05 and
allowing for motif widths between 3 and 12 amino acids [68].
DREME is part of the MEME suite (v. 5.1.1, available at
http://meme-suite.org/index.html). Of the 12 amino acid
motifs most significantly enriched within the Arabidopsis RBP
repertoire were eight glycine (G)-rich motifs including pre-
viously detected motifs such as GGGY, FVGGL, GYGFYV,
GTGKT and GSGKT that have various roles in pre-mRNA pro-
cessing (electronic supplementary material, figure S2A-H).
Additionally, poly(D), poly(E), poly(S) and poly(P) motifs
were detected, of which proline was previously significantly
enriched in plant RBPomes [8,9] (electronic supplementary
material, figure S2I-L). Poly(P) motif is involved in inter- and
intra-molecular interactions [69]. Enriched amino acid motifs
in the RBP repertoire comprise mostly of intrinsically disor-
dered, low complexity sequences. These regions of low
complexity play an essential role in phase separation in cells
leading to the formation of RNA granules in cell-free systems
and likewise in vivo [70,71].

8. Conclusion and future perspectives

Fundamental research on plant RNA-bound proteins has
unveiled more than 2700 RBPs, representing a new order world-
wide towards unraveling cellular complexity at the level of post-
transcriptional gene regulation. The functions of RBPs emanates
from their capacity to bind specific compendia of RNA mol-
ecules and direct several post-transcriptional RNA processing
including RNA splicing, editing, transport and decay. Perhaps
not surprisingly, a wealth of both expected and unanticipated
proteins stemmed. Additional knowledge gained from RNA
interactomes in various organisms dictates the presence of
RBPs with dual functionality such as enzymatic activity
suggesting that a large number of significant RBPs are yet to
be discovered. In plants, the global interrogation of RBPs is
still at its infancy with as yet many unknowns but the studies
presented in this review provides a good starting point in
understanding the regulatory roles of RBPs in the growth, devel-
opment and stress responses of plants. In the latter, differential
regulation of RBPs under environmental stress could offer an
advantage for plants to cope with the stress and provide candi-
dates for biotechnological applications that can be used to make
crop plants tolerant to environmental stresses.
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