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W N e

Abstract: Although arginine methylation (R-methylation) is one of the most important post-translational
modifications (PTMs) conserved in eukaryotes, it has not been studied to the same extent as phospho-
rylation and ubiquitylation. Technical constraints, which are in the process of being resolved, may
partly explain this lack of success. Our knowledge of R-methylation has recently evolved considerably,
particularly in metazoans, where misregulation of the enzymes that deposit this PTM is implicated in
several diseases and cancers. Indeed, the roles of R-methylation have been highlighted through the
analyses of the main actors of this pathway: the PRMT writer enzymes, the TUDOR reader proteins,
and potential “eraser” enzymes. In contrast, R-methylation has been much less studied in plants. Even
50, it has been shown that R-methylation in plants, as in animals, regulates housekeeping processes such
as transcription, RNA silencing, splicing, ribosome biogenesis, and DNA damage. R-methylation has
recently been highlighted in the regulation of membrane-free organelles in animals, but this role has not
yet been demonstrated in plants. The identified R-met targets modulate key biological processes such as
flowering, shoot and root development, and responses to abiotic and biotic stresses. Finally, arginine
demethylases activity has mostly been identified in vitro, so further studies are needed to unravel the
mechanism of arginine demethylation.

Keywords: PTM; arginine methylation; PRMT; Tudor; demethylation

1. Introduction

Living organisms must be able to quickly adapt their metabolism to cope with a
constantly changing environment. In this context, post-translational modifications (PTMs)
are an ideal way to rapidly respond to environmental signals by directly modulating protein
activity, subcellular localisation, stability, and/or interactions with other molecules such as
nucleic acids, lipids, or other proteins [1]. Interestingly, a type of PTM called the arginine/R-
methylation has been shown to be involved in the regulation of key mechanisms, such as
transcriptional regulation, splicing, RNA silencing, and ribosome biogenesis, in animals,
yeast, and plants for several years [2—4]. R-methylation is known to be as common as
phosphorylation or ubiquitylation in human cells [5]. This PTM corresponds to the addition
of one or two methyl groups on the nitrogen atoms of the arginine side chain [6]. There
are three main types of R-methylation marks, depending on the number of methyl groups
added and the way these methyl groups are deposited to either produce monomethylated
arginine (MMA), or symmetrically dimethylated arginine (sSDMA) and asymmetrically
dimethylated arginine (aDMA) (Figure 1A) [6].

R-methylation deposition is carried out by an enzyme family widely conserved in
eukaryotes and called the PROTEIN ARGININE METHYLTRANSFERASE (PRMT) [2,3,7-12].
Indeed, PRMT homologues can be found in yeast (Saccharomyces cerevisiae), in animals
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(Homo sapiens and Drosophila melanogaster), and in plants, both in eudicots (Arabidopsis
thaliana and Eucalyptus grandis) and monocots (Oryza sativa and Zea mays) [2,3,7-13]. The
PRMTs transfer a methyl group from their co-factor, the S-adenosyl L-methionine (AdoMet)
molecule, to arginine residues of protein substrates [6]. These enzymes are divided into
three types: type Il enzymes can only produce monomethylated arginines; type II can
monomethylate and dimethylate arginine symmetrically; and type I can monomethylate
and dimethylate arginine asymmetrically (Figure 1A) [6]. The A. thaliana genome encodes
nine PRMTs, including one type III (PRMT7), one type II (PRMT5), and seven type I PRMTs
(PRMT1a, PRMT1b, PRMT3, PRMT4a, PRMT4b, PRMT6, and PRMT10) (Figure 1B). Among
all these PRMTs, PRMT10 is the only plant-specific PRMT [14]. The PRMT enzymes can
vary significantly in length, but they all share a conserved structure, called the PRMT core
(Figure 1B) [4,15]. This PRMT core contains approximately 310 amino acids and is organised
into three main domains: an N-terminal AdoMet-binding domain; a dimerisation arm; and
a C-terminal p3-barrel domain (Figure 1C) [4,15-17]. In animals, most type I PRMTs and
PRMT5 methylate arginine residues are located in arginine- and glycine-rich motifs known
as RGG/GRG motifs, with the exception of PRMT4, which methylates arginine embedded
in PGM-rich motifs (proline, glycine, and methionine) [6,18].

Methylation is a neutral and small modification that increases arginine steric hindrance
and overall hydrophobicity, and thus may affect the interaction of the R-methylated protein
with other proteins or nucleic acids [19]. As it does not change the global charge of the
arginine residue, the R-methylated peptides are difficult to enrich, and this may explain
the difficulties encountered when studying R-methylation processes [20]. In addition, it
is also difficult to distinguish the two types of R-dimethylation by mass spectrometry
as sDMA and aDMA are isobaric. However, an article published by Hart et al. in 2019
showed that two methods (immunoaffinity enrichment and strong cation exchange at
high pH) can be used in parallel to efficiently enrich R-methylated substrates for mass
spectrometry analysis [21]. The first method relies on antibodies that specifically recognise
the different types of R-methylation, while the second one allows the capture of highly
positively charged methyl peptides resulting from the absence of cleavage of the methy-
lated arginine by trypsin [21]. Combining both methods is needed to obtain a correct
overview of the arginine methylome [21]. In 2020, Hart et al. showed that it was possible to
distinguish peptides containing sDMA and aDMA by adapting several mass spectrome-
try parameters [22]. These developments will contribute to increasing our knowledge of
R-methylation, particularly in plants [11,23,24].

Once deposited on the target protein, R-methylation marks have been shown to
be mainly recognised by members of the TUDOR domain-containing (TDRD) protein
family [25,26]. In humans, 12 TDRD proteins have been identified: TDRD1, TDRD2
(also called TDRKH), TDRD4 (also called RNF17), TDRD5, TDRD6, TDRD?7, TDRDS
(also called STK31), TDRD9, TDRD10, TDRD11 (also called SND1, TSN, Tudor-SN or
p100), TDRD12 (also called ECATS), and TDRD15. In plants, all the TDRD proteins
identified are orthologous to SND1 [27-31]. The recognition of R-methylation by TDRD
proteins mostly triggers changes in the subcellular localisation of proteins and regulates
biological condensates in animals [32,33]. In plants, TUDOR proteins are also involved in
the regulation of cytosolic condensates such as stress granules and p-bodies. Although TSN
proteins have been shown to interact with R-dimethylated ARGONAUTE (AGO) proteins
in a PRMT5-dependent manner in A. thaliana [34,35], their role as a bona fide reader module
of R-methyl marks remains to be investigated in plants [36,37].
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Figure 1. The different types of PRMTs and their structure. (A) Depiction of the different types
of arginine methylations. MMA: monomethylation; aDMA: asymmetric dimethylation; sSDMA:
symmetric dimethylation. The production of dimethyl-R marks is a two-step process with an
R-monomethylated intermediate form, illustrated here by the double red arrows [6]. (B) Linear
representation of the different PRMTs of Arabidopsis thaliana. aa: amino acids, ZnF: zinc finger domain.
Based on PROSITE database (https://prosite.expasy.org/, accessed on 31 May 2023). (C) The PRMT
core is conserved in different PRMTs from different eukaryotes. Three-dimensional structures and linear
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depictions, from left to right: PRMT1 from Rattus norvegicus; PRMT10 from A. thaliana; PRMT5 from
Caenorhabditis elegans. The AdoMet-binding domain (purple) interacts with the methyl group donor
molecule (AdoMet), and the active site of PRMT catalyses the transfer of the methyl group from
AdoMet to the target arginine residue of the substrate [4,17]. The active site is in a hairpin loop
located between the AdoMet-binding domain and the 3-barrel domain (in green) [4]. The active-site-
containing structure is generally called the “double-E loop” since the key residues of this catalytic
domain are two glutamate (E) residues, which are highly conserved among PRMTs [4,16]. Finally, the
last domain of the PRMT core, the dimerisation arm (in yellow), allows PRMT dimerisation, which
is essential for PRMT activity [4,15,17]. The TIM-barrel domain (in pink) is only present in PRMT5
homologs. The linear depictions are scaled and the residue numbers bordering each domain are
labelled. The 3D structures showed come from Zhang et al. (2003) [38], Cheng et al. (2011) [17], and
Sun et al. (2011) [16].

Finally, R-methylation has been hypothesised to be a dynamic mark, but for now,
the erasing enzymes that may remove R-methylation have still not been clearly identified
in vivo and the existence of specific R-demethylases is still debated [39—-41].

In this review, we will introduce the R-meth-dependent pathways identified in plants
and highlight recent developments in TDRD-type R-met readers and potential R-met erasers.
We will also underline the importance of a better understanding of the R-methylation pathway
in plants.

2. Regulation of Plant Metabolism by PRMT Proteins
2.1. Histone R-Methylation and Transcription Regulation Impacts on Plants

In animals, several PRMTs (like PRMT1, PRMT4, PRMT5, PRMT6, and their ortho-
logues) have been shown to methylate histone proteins such as H4, H3, and H2A [42].
Depending on the PRMT involved and the nature of the targeted locus, R-methylation can
have a dual functional outcome leading either to repression or activation of transcription [6].
Interestingly, similar histone-based transcriptional regulation is conserved in plants (see
details in Figure 2) [10,11,14,43,44]. Among all PRMTs, PRMT5, which is the most studied
in plants, has been shown to methylate H4R3 and thus inhibits transcription [11,45]. The
targeted genes are involved in the regulation of several crucial biological processes of plant
development but also in plant environmental responses [11,45-49].

2.1.1. Transcriptional Control of Plant Development by PRMT5

FLOWERING LOCUS C (FLC) gene, encoding a master regulator of flowering, is the
first locus that has been identified to be regulated by H4R3 methylation [11]. Indeed,
Wang et al. (2007) showed that FLC is upregulated in prmt5 mutants and linked this to
the decrease in sDMA on H4R3 in the promoter region of FLC [11]. This result may partly
explain the delayed flowering time observed in prmt5 mutants [11,12,50]. In addition,
PRMTS5 has also been involved in the maintenance of the shoot apical meristem (SAM) [46].
Indeed, Yue et al. (2013) showed that PRMTS5 represses the expression of CORYNE (CRN)
through H4R3 methylation [46]. CRN is a receptor-like kinase that transmits CLAVATA3
(CLV3) signals and is therefore involved in the WUSCHEL (WUS)-CLV3 regulatory loop
of SAM [46]. Thus, in prmt5 mutants, WUS and CLV3 are downregulated, and the SAM
is smaller than in WT plants. The mutation of CRN rescues WUS expression and causes
SAM size defects in prmt5 mutant [46]. Shoot regeneration was also shown to be regulated
by PRMTS5, further illustrating the impact of R-methylation on shoot development [47]. In
that case, Liu et al. (2016) demonstrated that PRMT5-dependent R-methylation of H4R3
leads to the repression of KIP-RELATED PROTEIN (KRPs) genes that encode a family of
cell cycle factors repressing shoot regeneration [45].
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Figure 2. Overview of the roles of PRMTs in housekeeping mechanisms in the cell of A. thaliana. PRMT
enzymes have been shown to be active as homodimers [17,38]. Interestingly, in A. thaliana, PRMT4
and PRMT1, which are duplicated as PRMT1a and PRMT1b, and PRMT4a and PRMT4b, respectively,
form heterodimers [10,44]. All the PRMTs are localised in both the nucleus and cytoplasm, except
for PRMT6, which is only present in the nucleus [7,10,23,43,44,51]. All the PRMTs studied in A.
thaliana, except PRMT3, can methylate arginine residues on histone. In this context, an arginine
residue can be targeted by several type I enzymes, with the exception of the H4R3 residue, which can
also be modified by the PRMTS5 type II enzyme. Thus, H4R3 can be regulated by PRMT1, PRMTS5,
and PRMT10 [10,11,14]. Histone H3 can be regulated by PRMT4 (H3R2, H3R17, and H3R26) and
PRMT6 (H3R2) [43,44]. Considering non-histone targets, PRMT1 can regulate the epigenetic regulator
MBD?7 [52] and the nucleolar enzyme FIB2 involved in rRNA maturation [10]. PRMT3 is involved in
the production of functional ribosomes [23]. Along with histone regulation, the control of mRNA
splicing is the other main focus of PRMT regulation and so far involves PRMT4 and PRMTS5 [53,54].
With regard to the other post-transcriptional steps, PRMTS5 has also been implicated in the regulation
of RNA silencing through the symmetric dimethylation of AGO1 and AGO2 [34,35]. Interestingly,
AGOT1 can also be asymmetrically dimethylated by one or more unknown type I PRMT(s) [35]. Finally,
PRMT5 may also be involved in DNA damage response [55]. The brown dashed arrows indicate a
methylation shown only in vitro. The full brown arrows indicate an involvement. The double black
arrows indicate a dual localisation in the cytoplasm and in the nucleus. The red and green circles
indicate symmetric (SDMA) and asymmetric dimethylation on arginine (aDMA), respectively. The
yellow circle indicates DNA methylation.

2.1.2. Transcriptional Control of Plant Response to Environment by PRMT5

In addition to plant development, methylation of H4R3 by PRMT5 has also been
shown to be involved in plant response to the environment [45,48,49]. The data have



Int. J. Mol. Sci. 2024, 25,9937

6 of 19

first highlighted a contribution to the regulation of salt stress response with several salt
stress-related genes being upregulated in prmt5 mutants in a non-stressed situation [48].
Among them, at least one gene, HOMOLOGY TO ABI1 (HAB1), which is known to be
important for salt stress resistance, is regulated by a PRMT5-dependent deposition of
a methylation mark on H4R3 [48]. PRMT5 has also been shown to regulate CAS gene
transcription, which encodes a putative Ca?* binding protein, which could play a role
in stomatal closure and drought tolerance [45]. Indeed, Fu et al. (2013) suggested that
PRMTS5 binding to CAS promoters is regulated by the concentration of extracellular calcium.
Indeed, increased extracellular calcium inhibits the binding of PRMTS5 to the CAS promoter,
which increases CAS expression and promotes stomatal closure and drought tolerance.
Another example of environmental response regulated through H4R3 methylation by
PRMTS5 in A. thaliana is iron homeostasis [49]. Fan et al. (2014) demonstrated that PRMT5
can symmetrically dimethylate histone H4R3 on the Ib subgroup of bHLH genes, known to
encode transcription factors that regulate iron homeostasis [49]. In case of iron deficiency,
PRMTS5 associates less with the chromatin of the bHLH genes, leading to an increase in
their transcription [49]. In addition, the regulation of transcription by PRMT5 via H4R3 is
also involved in the responses to biotic stresses, as Drozda et al. (2022) have highlighted
that PRMT5 gene expression in Solanum tuberosum is regulated by Phytophthora infestans
infection [56]. In this context, it has been shown that PRMT5 dynamically deposits the H4R3
mark in the promoter region of defence-related genes [56]. Finally, this work also suggested
that PRMT5 plays an important role in properly regulating hypersensitive responses during
P. infestans infection [56].

2.1.3. Transcriptional Control through Histone R-Methylation by Type I PRMTs

Besides PRMTS5, other PRMT enzymes are known to methylate histones and regulate
transcription in animals [42]. However, although some type I enzymes have been shown
to methylate histones in vitro, in plants, their role in regulating transcription in vivo is
still poorly described (Figure 2) [10,14,43,44,52]. In animals, PRMT1 is the main type
I PRMT which asymmetrically dimethylates H4R3 (H4R3me2s) [57,58]. In A. thaliana,
PRMT1 orthologous enzymes, PRMT1a (or PRMT12) and PRMT1b (or PRMT11), can also
produce H4R3me2s in vitro and in vivo [10,52]. But unlike animal PRMT1, PRMT1b can
asymmetrically dimethylate H3 and H2A in vitro but to a lesser extent than H4 [10,52].
Although the regulation of transcription by PRMT1 via histone methylation has not yet
been demonstrated in plants, it has been suggested that PRMT1b regulates transcription
through methylation of METHYL-DNA-BINDING?7 (MBD?), a protein involved in DNA
methylation response (Figure 2) [52]. Like PRMT1, PRMT4, also known as CARM]1, is
present in A. thaliana through two paralogous genes: PRMT4a and PRMT4b [44]. These
two proteins can asymmetrically dimethylate H3R2, H3R17, and H3R26 in vitro [44]. In A.
thaliana, the atprmt4a atprmt4b double mutant shows a depletion of H3R17me2a mark, which
is not observed in single mutants [44]. This may imply that H3R17me2a can be redundantly
deposited by PRMT4a and PRMT4b in vivo [44]. However, the H3R17me2a mark can still be
detected in the double mutant, suggesting that other PRMTs are able to produce H3R17me2a
in the absence of PRMT4a and PRMT4b [44]. Indeed, Niu et al. (2008) showed that the
production of H3R17me?2a in vitro increases in presence of PRMT1b or PRMT10 [44]. In
addition, Niu et al. (2007) have shown that PRMT10 can also asymmetrically dimethylate
HA4R3 in A. thaliana. Finally, PRMT6 has also been shown by Zhang et al. (2021) to
R-methylate histones in plants [43] by depositing H3R2me2s at the promoter region of
FLOWERING LOCUS T (FT), thereby promoting its expression [43].

2.2. Regulation of Splicing by PRMT Enzymes

PRMT enzymes have been implicated in the regulation of mRNA splicing in ani-
mals, and this role is also conserved in plants (Figure 2) [48,54,59-61]. Indeed, PRMT5
methylates factors that are essential for proper pre-mRNA splicing in A. thaliana, such
as U-snRNPs (uridine-rich small nuclear RiboNucleoProtein particles), AtSmD1, D3, and
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AtLSM4 [48,54,59]. The U-snRNP Sm proteins are part of subcomplexes called U-snRNPs,
and these U-snRNPs associate together and with the NineTeen complex to form an active
spliceosome responsible for mRNA splicing [62,63]. Deng et al. (2016) showed that PRMT5
symmetrical dimethylation of snRNP Sm proteins is crucial for the recruitment of the
NineTeen complex and the initiation of spliceosome activation [59]. As a consequence,
the prmt5 mutation triggers splicing defects in hundreds of genes involved in various
biological processes [48,54]. Interestingly, most of the intron retention events identified
in prmt5 mutants were shown to correspond to post-transcriptionally spliced introns [64].
Therefore, PRMT5 seems to be mostly involved in post-transcriptional splicing rather than
co-transcriptional splicing [64].

2.2.1. Impacts of Splicing Regulation by PRMT5 on Plant Development

PRMTS5 exhibits an expression profile that oscillates throughout the day and is even
conserved in plants grown in an environment where light and temperature parameters do
not change, indicating that PRMT5 is under the control of the circadian clock [51,65]. Inter-
estingly, prmt5 mutants exhibit lengthened periods in several circadian rhythms, including
cotyledon movement and the expression of multiple clock genes and clock-controlled
output genes [51,65]. Sanchez et al. (2010) showed that these defects in the circadian clock
in prmt5 mutants are, at least in part, caused by a strong alteration in alternative splicing of
the core-clock gene PSEUDO RESPONSE REGULATOR 9 (PRRY) [65]. Recently, PRMT5
was also shown to act together with CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1),
a key regulator of photomorphogenesis, to regulate post-transcriptional splicing induced
by light [66]. In addition, the splicing regulation by PRMTS5 is also involved in flowering.
Indeed, the splicing of FLOWERING LOCUS KH DOMAIN (FLK) transcript, encoding
a regulator of FLC gene and flowering time, is impacted by PRMT5 activity [47]. FLK
mis-splicing induces FLC upregulation and promotes late flowering in prmt5 mutants [47].
Shoot regeneration is also influenced by pre-mRNA splicing regulation by PRMT5, as
shown by the impact of prmt5 mutation on the pre-mRNA splicing of RELATED TO KPC1
(RPK) genes [47]. Indeed, RPK is an E3 ubiquitin ligase that contributes to the degradation
of cell cycle inhibitors, the KRP proteins, thereby repressing shoot regeneration [47].

2.2.2. PRMT5 Impacts Plant Responses to Stresses through Splicing Regulation

Several stress-related transcripts are impacted by splicing defects in prmt5 mutants.
Zhang et al. (2011) suggested that PRMT5 regulation of pre-mRNA splicing contributes to
the salt resistance mechanism [48]. Interestingly AtLSM4, which is one key player of pre-
mRNA splicing, has been shown to be methylated by PRMTS5 in response to salt stress [48].
In addition, loss of AtLSM4 induces salt stress hypersensitivity, as in prmt5 mutants, and
this phenotype can be rescued in prmt5 mutants by complementation with a 355:PRMT5
construct [48]. Moreover, PRMTS5 can itself be regulated by nitric oxide (NO), a reactive oxy-
gen species and signalling messenger, under abiotic and biotic stresses [67]. Hu et al. (2017)
pointed out that NO can induce the S-nitrosylation of Cys-125 in PRMT5, which impacts
PRMT5 methyltransferase activity under stress conditions such as salt stress [67]. However,
the effect of S-nitrosylation on PRMT5 activity so far seems to be mainly important for the
correct splicing of stress-response-related genes such as AT1G18160 only under stress condi-
tions [67]. The regulation of splicing by PRMT5 seems to also be implicated in the response
to pathogens [68]. Indeed, PRMTS5 associates with AtsmD3 and ICIn to form the methy-
losome complex, one of the intermediate complexes produced during U-snRNP complex
formation, and Huang et al. (2016) further demonstrated that this methylosome complex
negatively regulates immunity against the downy mildew oomycete pathogen [68,69]. As
a result, PRMT5 contributes, through its association in the methylosome, to attenuating
immunity against an oomycete pathogen [68].
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2.2.3. Regulation of Splicing by Other PRMTs

In plants, some splicing targets regulated by PRMT5 can also be regulated by PRMT4
enzymes [53]. Hernando et al. (2015) studied the annotated alternative splicing (AS) events
of genes in prmt4a prmt4b double mutants and they showed that 21% of these evaluated AS
events showed significant alterations [53]. Among those, Hernando et al. (2015) identified
that several AS events concerned genes related to various metabolic pathways: primary
metabolism, response to light, response to hormones, abiotic stress such as salt stress,
RNA processing/splicing, or flowering time regulation [53]. These results highlight that
PRMT4a and PRMT4b are involved in the regulation of AS events in plants. It is noteworthy
that PRMT4s and PRMTS5 are involved in the regulation of splicing in similar metabolic
pathways [47,48,53,54,65]. To further continue on these results, Hernando et al. (2015)
showed that introns annotated as alternatively spliced were more impacted than others
in the prmtda prmt4b double mutant and prmt5 mutant [53]. This result suggested that
PRMT4a, PRMT4b, and PRMT5 have a much greater impact on alternative than constitutive
splicing [53].

2.3. Regulation of Ribosome Biogenesis

In animals, ribosome biogenesis is regulated by PRMT3 and this role has been shown
to be conserved in plants (Figure 2) [23,69,70]. Indeed, the prmt3 mutant in A. thaliana
shows several phenotypes which are reminiscent of the mutants for ribosome proteins such
as pointed and narrow first true leaves, serrated adult leaves, and distorted leaf vascular
patterns [23]. In particular, the prmt3 mutant produces ribosomes that are refractory to
several known inhibitors of translation, suggesting changes in the ribosome structure [23].
Indeed, the polyribosome profile of the prmt3 mutant shows an imbalance between the
ratios of 605/40S, 80S/40S, and polyribosomes, which disappears by complementing
prmt3 mutant background with a functional version of PRMT3 [23]. In addition, Hang
et al. (2014) also demonstrated that PRMTS3 is required for proper pre-rRNA processing in
A. thaliana, impacting the homeostasis between different pre-rRNA processing steps [23].
The mechanism implicated in this regulation has been better understood since 2021 with the
demonstration of an interaction of PRMT3 with RIBOSOMAL PROTEIN S2 (RPS2) [71]. This
interaction facilitates the dynamic assembly /disassembly of the pre-ribosomal 90S/Small
Subunit (SSU) processome during ribosome biogenesis and represses nucleolar stress [71].
Interestingly, in A. thaliana, PRMT1a and PRMT1b may also be involved in ribosome
biogenesis, as both PRMTT1s are able to asymmetrically dimethylate in vitro the rRNA 2"-O-
methyltranferase AtFIBRILLARIN?2 (Fib2), a component of the snoRNP complex involved
in ribosome biogenesis (Figure 2) [10,72].

2.4. Regulation of RNA Silencing

Accordingly, in animals, the PRMT5 enzyme regulate small RNA silencing by methy-
lating P ELEMENT-INDUCED WIMPY TESTIS (PIWI) proteins, which are members of the
ARGONAUTE (AGO) protein family [73-75]. A single case pointed out the existence of a
regulation of an RNA-silencing effector by another PRMT enzyme in Toxoplasma gondii, an
apicomplexan protozoan parasite which is an obligate parasite that evolved from secondary
endosymbiosis of a red algae and has retained some plant-like relics and signatures [76,77].
Indeed, in T. gondii, PRMT1 has been shown to methylate TgAGO, which enables its interac-
tion with TUDOR STAPHYLOCOCCAL NUCLEASE (TSN), complementing the weak RNA
cleavage activity of TgAGO [75]. The RGG/GRG consensus motifs known to be modified
by PRMTs have been detected in the N-terminal region of some RNA-silencing effectors in
animals but also in plants [34,35,74,77]. In 2019, Hu et al. showed that PRMTS5 is also in-
volved in the regulation of RNA silencing in plants (Figure 2) by demonstrating that PRMT5
can symmetrically dimethylate the N-terminal RGG/GRG-rich region of ARGONAUTE2
(AGO?2) in A. thaliana [34]. This symmetric dimethylation dampens AGO2 activity by pro-
moting both its degradation via the 265-proteasome and the degradation of its loaded small
RNA triggered by the interaction of AGO2 with TSN proteins [34]. Hu et al. also showed
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that PRMT5 transcription is inhibited upon Pseudomonas syringae infection. In this con-
text, the repression exerted by PRMT5 on AGO?2 is released, favouring AGO2-dependent
pathogen resistance mechanisms [34,78,79]. As AGO2 is one main effector of RNA silencing
involved in plant immunity, this inhibition by PRMTS5 is therefore suggested to prevent the
activation of the AGO2-driven pathogen defence mechanism under safe conditions [34].
In 2022, Sheng et al. showed that, in rice, AGO2 was also symmetrically dimethylated
by PRMT5 and that, like in A. thaliana, this symmetric dimethylation promotes AGO2
degradation through the proteasome [80]. However, in O. sativa, PRMT5 R-methylation of
AGO?2 is suggested to promote defence against Magnaporthe oryzae infection since prmtb
null mutants are more sensitive to infection by this fungus, while PRMT5 overexpressing
plants are more resistant [80]. In addition, PRMT5 expression is promoted during M. oryzae
infection [80]. All these results underline that the regulation of AGO2 by PRMTS5 plays an
important role in plant defence against M. oryzae in rice and against P. synrigae in A. thaliana,
although the outputs of this regulation on AGO2 activity are different [34,80]. Recently,
AGO]L, the key AGO protein in plants mediating post-transcriptional gene silencing, has
also been shown to be symmetrically dimethylated by PRMT5 (Figure 2) [35]. Interestingly,
AGOL1 also contains asymmetric dimethylation, suggesting that AGO1 is modified by a
type I PRMT that has not yet been identified. Interestingly, some arginine residues in its
N-terminal extension can be targeted by either a type Il PRMTS5 or a type I PRMT, a feature
previously observed only for residue H4R3 in plants (Figure 2) [35]. This would imply the
implication of one or more type I PRMTs in addition to PRMT5 in the regulation of RNA
silencing in plants. Finally, PRMT5 was also shown to influence the loading of a panel of
small interfering RNA into AGOL1 in A. thaliana [35,78]. Indeed, some mis-loaded siRNAs
produced from loci located in the chromosome arms were shown to be phased siRNAs
(phasiRNAs), indicating that PRMT5 would promote phasiRNA loading into AGO1 in
A. thaliana flower buds [35].

2.5. Involvement in DNA Damage Repair Mechanisms

PRMTS5 has recently been shown to also participate in the maintenance of root stem
cells in response to DNA damage in A. thaliana (Figure 2) [55]. Indeed, root stem cells
undergo DNA damage-induced cell death in the prmt5 mutant and, interestingly, this phe-
notype is enhanced in prmt5/atm (ataxia-telangiectasia mutated) and prmt5/atr (ATM/RAD3-
related) double mutants [55]. As ATM and ATR are phosphatidylinositol 3-kinase-related
kinases (PPI3Ks), which are early sensors and mediators of the DNA damage responses,
this observation suggests a possible synergistic action of PRMT5, ATM, and ATR in the
DNA damage repair pathway [55]. Therefore, these results emphasise the involvement of
PRMTS5 in DNA damage repair mechanisms in root stem cells of A. thaliana [55].

2.6. PRMT-Dependent Regulations in Other Plant Biological Pathways

PRMTS5 has been shown recently to directly R-methylate the L-CYSTEINE DESULFHY-
DRASE (LCD) protein, a key enzyme in endogenous H2S production [81]. Hydrogen
sulphide (H;S) is a recently characterised gasotransmitter that regulates several impor-
tant physiological processes [81]. More precisely, Cao et al. (2022) demonstrated that
the methylation of LCD by PRMTS5 enhances its enzymatic activity, thereby increasing
the endogenous H,S signal, which improves plant tolerance to cadmium stress [81]. In
Eucalyptus grandis, other PRMTs like PRMT1, PRMT3, PRMT4, and PRMT10 have been
shown to be involved in the regulation of root development since downregulation of
these different PRMTs induced shorter roots, a decrease in the development of lateral
roots, and an alteration in root hair morphology in some cases [13]. To further identify
the EgPRMT targets that may explain the observed phenotypes, Plett et al. (2017) looked
for R-methylated proteins in overexpressing mutants for EgPRMT1 or EgQPRMT10 and
observed that EgPRMT1 may induce the R-methylation of 3-tubulin, a cytoskeleton pro-
tein involved in root hair and cellular growth [13]. They also showed later that EgPRMT
genes are significantly differentially expressed during E. grandis—Pisolithus albus symbiosis,
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and that the R-methylation pattern is modified compared to a no-symbiosis control [82].
This suggests that EgPRMTs are involved in the colonisation of E. grandis roots by the
ectomycorrhizal (ECM) fungus, P. albus, and therefore in the regulation of ECM symbio-
sis [82]. Moreover, the overexpression in A. thaliana of ZmPRMT1, the homologous gene to
AtPRMTS5 in maize, triggers an early flowering and an increased resistance to heat stress
compared to WT plants, thereby suggesting that ZmPRMT1 may affect flowering time and
heat stress response in maize [9]. Finally, it has been shown recently that PRMT enzymes
can directly modify viral proteins to regulate plant defence [83]. Indeed, Zhu et al. (2024)
have highlighted in tomato that PRMT6 promotes plant defence against tomato bunch
stunt virus (TBSV) via the R-methylation of its viral suppressor of RNA silencing, P19 [83].

3. TUDOR-Domain-Containing Proteins and Conservation of Cytoplasmic Foci
Formation by R-Methylation Regulation in Plants

3.1. TUDOR Domain and TSN Protein Structure

The ability of TDRD proteins to recognise R-methylated substrates is due to their
extended Tudor (eTudor) domain [26,84-86]. This eTudor domain is composed of a canoni-
cal Tudor domain, an «-helix linker, and a staphylococcal nuclease-like domain (SN-like
domain) [26]. The canonical Tudor domain (highlighted in purple in Figure 3) folds into
a barrel-like structure formed by four to five 3-strands containing a conserved aromatic
binding pocket necessary for methyl-lysine or methyl-arginine recognition [26,86-88]. For
TDRD11 (or SND1), this aromatic cage is mainly formed by four residues: one phenylala-
nine (Phe-740) and three tyrosines (Tyr-746, Tyr-763, Tyr-766) (highlighted in Figure 3) [84].
The residues forming the aromatic cage for each TDRD can vary but there are generally
four and they correspond to amino acids with an aromatic ring in their side chain (pheny-
lalanines, tyrosines, or tryptophanes) [84,85,87]. Structural studies suggest that the arginine
specificity of the canonical Tudor domain in methyl-arginine readers may be due to a
narrower aromatic cage than in methyl-lysine readers [88]. The other major part of the
eTudor domain, the SN-like domain, displays a Tudor-like 3-barrel core, but it lacks the
aromatic cage [85,89]. It is interesting to note that in the case of the interaction of the eTudor
domain of SND1 with sDMA, residues from the aromatic cage of the canonical Tudor
domain and the SN-like domain are involved. Thus, the canonical Tudor domain and the
SN-like domain of the eTudor domain are both involved in sDMA binding [84]. Finally,
it has been shown that the different TDRD proteins can associate with both sDMA and
aDMA, but they generally have a better affinity for one of the two types of R-dimethylation
marks, for example, with sDMA for SND1 [26,84,88].

(A)

Figure 3. Cont.
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Figure 3. Prediction of the structures of HsSND1 and AtTSN1. AlphaFold predicted 3D structures of
(A) SND1 from Homo sapiens and (B) TSN1 from A. thaliana. The different conserved domains of the
HsSND1 and AtTSN1 proteins are represented by different colours; from left to right, in light green,
the first SN-like domain; in cyan, the second SN-like domain; in dark green, the third SN-like domain;
in dark blue, the fourth SN-like domain; and in orange, the fifth SN-like domain, which is interrupted
by the canonical Tudor domain, in purple. The residues forming the aromatic cage of the canonical
Tudor domain are highlighted in yellow. The positions of the residues delimiting each domain
are indicated on the linear representations below. They were obtained from the UniProt database
(https:/ /www.uniprot.org/uniprotkb accessed on 31 May 2023) using Q8VZG7 TSN1_ARATH and
Q7KZF4 SND1_HUMAN accessions and from information obtained in Shaw et al. (2007) [90]. The
predicted 3D structures of AtTSN1 and HsSND1 are produced using AlphaFold version 2, Jumper
etal. (2021) [91], and Varadi et al. (2022) [92]. The position of the residues forming the aromatic cage
in HsSND1 comes from Liu et al. (2010) [84], while for AtTSN1, they were deduced from observation
of the 3D structure of the canonical Tudor domain. SN: SN-like domain, aa: amino acids.

In plants, TDRD proteins have so far only been identified and characterised in Pisum
sativum, O. sativa, and A. thaliana, and they are all orthologous of HsSND1, also called Tudor-
SN [27-31]. In P. sativum, there is one HsSND1 orthologue, which is called HMP (high-
molecular-weight protein) [28]. In O. sativa, the HsSND1 orthologue is called OsTudor-SN
or Rp120 [27,29]. Finally, in A. thaliana, there are two HsSND1 orthologues, called TUDOR
STAPHYLOCOCCAL NUCLEASE 1 (AtTSN1) and AtTSN2 [30,31]. All these plant Tudor-
SN proteins are highly similar (equal to or greater than 79% of similarity) and highly
identical (equal to or greater than 65% of identity) [28]. To finish, as HsSND1, AtTSN1,
OsTudor-SN, and HMP possess four SN-like domains from the C-ter to N-ter ends, and in
the C-ter, there is a fifth SN-like domain interrupted by a Tudor domain, the association
of both domains results in the formation of an eTudor domain (Figure 3) [27,28,90,93,94].
The four SN-like domains of Tudor-SN proteins have been shown to possess RNA binding
activity and nucleolytic activity, although they lack some key residues normally required
for nucleolytic activity [36,95-97].

3.2. Contribution of R-Methylation through TUDOR-Domain-Containing Proteins to the
Regulation of Liquid—Liquid Phase Separation

In animals, TDRD proteins’ ability to recognise R-methylation marks has been im-
plicated in the regulation of membraneless organelle (MLO) formation [32]. Thus, Tudor
domains of several TDRD proteins (HsSMN, HsSND1, HsTDRD1, HsTDRD3, HsTDRD6,
and HsTDRD8) were recently shown to be involved in the formation of condensates [32].
However, they still show different behaviours. For example, when the ability of the Tu-
dor domain in SND1 to bind sDMA is abolished, its localisation changes, or when the
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deposition of aDMA is inhibited, only the cytoplasmic condensates formed by the Tudor
domain of TDRD3 disappear and not its nuclear condensates [32]. The R-methylation
binding property of these different Tudor domains is necessary for the correct formation
of condensates [32]. Among all these Tudor domains, SMN’s Tudor domain is involved
in regulating the formation of Cajal bodies and gems [32]. Moreover, depending of the
sDMA and aDMA level, SMN’s Tudor domain can regulate the composition of Cajal bodies
and the fusion of a Cajal body and gem into a single nuclear body [32]. In addition to
gems and Cajal bodies, TDRD proteins have also been shown to regulate the aggregation
dynamics of stress granules in animals [33,98]. Interestingly, this global role of TDRDs in
regulating cellular condensates seems to be conserved in plants [29,36,37,99]. Indeed, in
O. sativa, OsTudor-SN has been shown to regulate the formation of specific condensates in
rice seeds, called the protein body—endoplasmic reticulum (PB-ER) [29,99]. OsTudor-SN is
involved in recruiting different proteins to the PB-ER and its TUDOR domain is important
for this recruitment [99]. In A. thaliana, AtTSNs are also involved in the formation of
two types of condensates: stress granules (SGs) and processing bodies (p-bodies) [36]. In
addition, AtTSNs have been shown to act as scaffolding proteins for SGs, facilitating the
recruitment of different proteins to SGs [37]. Although, the Tudor domain has not yet been
formally implicated in this regulation of stress granules and p-bodies in A. thaliana [36,37],
its contribution to TSN regulation of these condensates in O. sativa and in humans may
suggest that the Tudor domain of AtTSNs may also play a role in the regulation of MLOs
in A. thaliana [32,99].

4. The Hypothesis about the “Erasing” of R-Methylation

First, it was thought that R-methylation was a stable post-translational modifica-
tion [2,100]. It was therefore thought that the only way to demethylate a protein was to
degrade it, and then to produce a new one without any R-methylation mark [2]. However,
several studies in metazoan showed that the R-methylation of different proteins can be
dynamic and evolve over time [100-105]. This was the starting point for the hypothesis
that arginine demethylases should exist [100]. To follow this hypothesis, Wang et al. (2004)
reported PEPTIDYL ARGININE DEIMINASE 4 (PAD4) as a possible arginine demethy-
lase [106]. PAD4 is an enzyme catalysing the hydrolytic deimination of arginine to citrulline
in proteins [107]. However, the arginine demethylating activity of PAD4 was later discarded
because arginine demethylation activity interferes with its citrulline conversion activity,
which impairs PAD4 efficiency for arginine demethylation [108-110]. In 2007, Chang et al.
identified another possible arginine demethylase: the 20G oxygenase, [UMON]JI-DOMAIN-
CONTAINING PROTEIN 6 (JM]JD6) [111]. JMJD6 is part of the enzyme superfamily of
Fe(Il) and 2-oxoglutarate-dependent oxygenases (20G oxygenases), known to be com-
posed of enzymes catalysing the hydroxylation of amino acids or demethylation of lysine
residues [100]. JMJD6 was first characterised to be able to demethylate histone H3R2
and H4R3 in vitro [111]. However, this discovery led to a controversial discussion in the
literature about JMJD6 enzymatic activity since it was also shown that JMJD6 can have
lysine hydroxylation activity [100]. The problem was therefore to know which of these
two activities was the primary and real one of JMJD6 [100]. Still, arginine demethylation
of H4R3 by JMJD6 was further confirmed by Liu et al. (2013) [112], and now several
other substrates of JMJD6 arginine demethylation have been identified [33,100,113-117].
In 2016, arginine demethylation activity was also suggested for a subset of JMJC histone
lysine demethylase [40]. Walport et al. (2016) tested the capacity of truncated recombinant
proteins containing the catalytic domain representative of the six identified human JMJC
KDM (KDM stands for lysine demethylase) subfamilies to demethylate R/arginine on the
H3 tail [40]. They used recombinant KDM2A, KDM3A, KDM4E, KDM5C, KDM6B, and
PHF8 (also known as KDM7B) and modified the H3 tail, with methylated arginines (MMA,
aDMA, or sDMA) instead of methylated lysines [40]. Then, the results of this test were
assessed by MALDI-TOF mass spectrometry [40]. Thus, they identified that only KDM3A,
KDM4E, KDM5C, and KDM6B exhibit arginine demethylation activity [40]. Then, only
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KDMA4E and KDM5C were confirmed in their ability to demethylate arginine by another
method using the same parameters as before but, this time, with a histone tail containing a
known methylated arginine [40]. These first results for new arginine demethylase activity
obtained in vitro were further supported by a recent analysis of Bonnici et al. (2023) [41]. In-
deed, in this article, they demonstrated in vitro that all human KDM5s (KDM5A-KDM5D),
KDMA4E, and, to a lesser extent, KDM4A /D exhibit both lysine and arginine demethylase
activities on histone peptides [41]. So, several possible arginine demethylases may have
been identified other than JMJD6, but they still need to be further studied and confirmed
by in vivo analyses [40,41]. Finally, in A. thaliana, arginine demethylation activity was also
spotted for J]MJ20 and JMJ22 [39]. Indeed, Cho et al. (2012) demonstrated that JMJ20 and
JMJ22 can demethylate histone H4R3 in response to red light stimulus at GA3ox1/GA30x2
chromatin, which promotes seed germination [39]. This result is still currently the only
example of arginine demethylation in plants [39].

5. Discussion

R-methylation is involved in the regulation of fundamental mechanisms and critical biological
processes of plant development and adaptation to environment [10,11,13,14,43-49,51,53 55,56,65-68].
To date, PRMTS5 is the PRMT most implicated in the regulation of these different functions
in plants. However, the lack of studies on these other PRMTs compared to PRMT5 may
explain why their exact functions in plants are still poorly understood. The specificity
of target recognition by PRMT5 can require a third partner in animals. These modular
adaptor proteins recruit PRMT5 via a conserved PRMT5 binding motif (PBM) and bring
the substrate into close proximity with PRMT5 [118-124]. Furthermore, in animals, the
R-methylation activity of PRMT5 only occurs when it is associated with the MEP50 protein
(also known as WRD77) in a tetrameric complex composed of heterodimers [16,125]. To
our knowledge, such adaptor modules and cofactors have not yet been identified in plants.
Therefore, understanding how PRMT enzymes recruit their targets in plants will be an
important question for the future.

The activity of PRMT enzymes in animals can be regulated by phosphorylation,
ubiquitination, R-methylation, or automethylation [126-129]. In plants, PRMTS5 activity
is regulated by S-nitrosylation, and PRMT10 activity has been suggested to be regulated
by R-methylation [17,67]. However, these are the few examples of PRMT regulation in
plants, and more investigations will be required to know how to modulate their activity
through PTM.

Recently, in animals, R-methylation was underlined as regulating the formation of
membraneless organelles thanks to the TUDOR domain of TDRD proteins [32]. Interest-
ingly, in plants, orthologues of the TDRD protein, HsSND1, have been shown to regu-
late the formation of different types of condensates such as stress granules, p-bodies in
A. thaliana, or PB-ER in O. sativa [29,36,37,99]. However, further studies will be required to
demonstrate that recognition of R methylation by TDRD proteins is indeed involved in the
formation of membrane-free organelles in plants.

Now, the research on arginine demethylation suggests that at least JMJD6 could
be a promising candidate for arginine demethylase activity in animals [33,111-116]. In
plants, JMJ20 and JM]J22 have previously been identified as arginine demethylases [39].
Nevertheless, further analyses are needed to better understand their biological roles and
the existence of other arginine demethylases in plants.

In conclusion, this review highlights the importance of PRMTs in plants, as well as the
progress that still needs to be made to better understand how R-met is set up and regulated,
and to identify new targets and pathways regulated by R-met, particularly those that may
be plant-specific.
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