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The sessile nature of plants enforces highly adaptable strategies to adapt to different
environmental stresses. Plants respond to these stresses by a massive reprogramming
of mRNA metabolism. Balancing of mRNA fates, including translation, sequestration,
and decay is essential for plants to not only coordinate growth and development but
also to combat biotic and abiotic environmental stresses. RNA stress granules (SGs) and
processing bodies (P bodies) synchronize mRNA metabolism for optimum functioning
of an organism. SGs are evolutionarily conserved cytoplasmic localized RNA-protein
storage sites that are formed in response to adverse conditions, harboring mostly but
not always translationally inactive mRNAs. SGs disassemble and release mRNAs into
a translationally active form upon stress relief. RasGAP SH3 domain binding proteins
(G3BPs or Rasputins) are “scaffolds” for the assembly and stability of SGs, which
coordinate receptor mediated signal transduction with RNA metabolism. The role of
G3BPs in the formation of SGs is well established in mammals, but G3BPs in plants
are poorly characterized. In this review, we discuss recent findings of the dynamics
and functions of plant G3BPs in response to environmental stresses and speculate on
possible mechanisms such as transcription and post-translational modifications that
might regulate the function of this important family of proteins.

Keywords: RNA metabolism, G3BPs, stress granules, P-bodies, RNA regulation, post-transcriptional regulation,
RNA-binding proteins, translational control

RAS GTPASE-ACTIVATING PROTEIN-BINDING PROTEINS
(G3BPs)

Ras-GTPase-activating protein (SH3 domain)-binding proteins get their name from the first
identified G3BP1 protein that was shown to bind Ras-GTPase activating protein (RasGAP) (Parker
et al., 1996). The Ras family of GTPases, which are key signal transducers, activate serine/threonine
kinases such as Raf to initiate downstream signaling. Hydrolysis of the Ras-bound GTP molecule
to GDP by RasGAPs, inactivates Ras thereby suppressing signaling. G3BPs are also known as
Rasputins (RIN) in Drosophila and mosquitoes of the genus Aedes and Anopheles, which are
conserved throughout eukaryotic evolution as being members of the family of heterogeneous
nuclear RNA-binding proteins and components of the Ras signal transduction pathway (Fros et al.,
2015; Krapp et al., 2017; Alam and Kennedy, 2019; Laver et al., 2020). There are two G3BP genes in
mammals namely, G3BP1 and G3BP2, whereas there is a single gene, Rasputin (RIN) in Drosophila.
Overexpression of G3BPs in human cells and Drosophila S2 cells induces the formation of stress
granules (SGs) even in the absence of stress (Tourrière et al., 2003). It was shown that human cells
lacking both G3BP1 and G3BP2 were unable to form SGs in response to the phosphorylation of
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eukaryotic initiation factor eIF2α or the inhibition of eukaryotic
initiation factor eIF4A. However, they were found to be a
SG-competent after challenging with heat or osmotic stress.
Furthermore, human G3BP is able to interact with 40S ribosomal
subunits through its arginine-glycine (RGG) rich motif essential
for G3BP-mediated formation of SG. Several viral and host
proteins that contain FGDF motifs bind to G3BP and alter its
physical state and also block the formation of SGs (Kedersha
et al., 2016). The host protein G3BP functions as an important
proviral factor (Scholte et al., 2015; Kim et al., 2016; Schulte et al.,
2016; Götte et al., 2019). The C-terminal domain of the viral
non-structural protein 3 (nsP3) of Semliki Forest virus (SFV)
forms a complex with mammalian G3BP and segregates into
viral RNA replication complexes leading to the inhibition of the
formation of SGs. The binding domain of nsP3 to HsG3BP shows
two tandem “FGDF” repeat motifs adjacent to the C-terminus
of the viral proteins (Krapp et al., 2017). When either of the
phenylalanine residues is mutated, they lose the ability to bind to
G3BP. The binding of G3BP to FGDF motifs is conserved among
Old World alphaviruses (Panas et al., 2015) and the interaction
with G3BPs is essential for the replication of many of these viruses
(Götte et al., 2020).

STRUCTURAL MOTIFS OF G3BPs

Structurally, G3BPs are composed of four distinct domains that
are conserved among all eukaryotic G3BP family members—
a nuclear transport factor 2 (NTF2) like domain, a central
acidic and proline-rich region (PxxP), an RNA recognition
motif (RRM) and an arginine and glycine rich box (RGG box).
The NTF2 domain is a small homodimeric protein domain,
which is involved in RanGTP-dependent nuclear import of
proteins through the nuclear pore complex (Suyama et al., 2000;
Pamonsinlapatham et al., 2009; Alam and Kennedy, 2019; Reuper
et al., 2021). NTF2 was first identified as a factor that stimulates
efficient import of proteins into the nucleus and mutants in NTF2
disrupt the NTF2-mediated import of nuclear proteins. The
interaction between NTF2 and Ran is crucial for efficient nuclear
import of proteins, whereby the inactive GDP bound cytoplasmic
form of the small RanGTPase switches to the active GTP bound
form in the nucleus. Thus, cycling of the nucleotide-bound
state of Ran forms a gradient that stimulates nucleocytoplasmic
transport and acts as a cellular marker in distinguishing between
the nuclear and cytoplasmic compartments of the cell in the
transport machinery. The NTF2 domain is, however, not only
important for nuclear localization, but also essential for auto-
aggregation, which facilitates the recruitment of the protein to
SGs (Quimby et al., 2000; Suyama et al., 2000; Tourrière et al.,
2003; Vognsen et al., 2013; Alam and Kennedy, 2019; Reuper
et al., 2021). Moreover, NTF2 has been shown to have a role
in protein-protein interactions (Tourrière et al., 2003; Alam and
Kennedy, 2019). The region of highest variability among G3BPs is
the central region, which comprises a varying number of proline-
rich (PxxP) motifs and an acid-rich domain. PxxP is coupled
with protein interactions and is the minimal consensus target site
for SH3 domain binding, which is a small protein interaction

module that is essential for signal transducers. The variability
in the proline-rich domain among G3BPs suggests that these
proteins have different interacting signaling partners (Ren et al.,
1993; Alam and Kennedy, 2019). The acid-rich motif seems to
be unstructured and it shows similarly with other motifs in
some transcriptional factors that have a role in protein-protein
interactions (Alam and Kennedy, 2019). G3BP’s C-terminal
canonical RNA Recognition Motif (RRM) is involved in RNA
binding. RRMs are structural domains identified by two short,
loosely conserved motifs, octapeptide RNP1 and hexapeptide
RNP2, which interact with RNA via beta sheets whereby the
structural integrity is provided by alpha helices. The RRM binds
to other proteins which in turn affects the specificity of G3BP
for RNA interactions (Kennedy et al., 2002; Irvine et al., 2004;
Cléry et al., 2008; Alam and Kennedy, 2019; Reuper et al., 2021).
The C-termini of G3BPs also contain an RGG (arginine-glycine
rich) domain that is often found in RNA-binding proteins to
facilitate RNA binding and influence their nuclear translocation
and facilitate post transcriptional modifications (Nichols et al.,
2000; Darnell et al., 2001; Alam and Kennedy, 2019). The acidic
region, the prolines in the PxxP and the RGG domain are
predicted to be intrinsically disordered regions (IDR). These
IDRs are necessary for maintaining the saturation concentration
of G3BP and the destabilization of the interactions amongst these
regions results in the relaxation of G3BP thereby promoting
intermolecular protein-RNA and/or protein-protein interactions
that drive condensation to form SGs (Guillén-Boixet et al., 2020).

MOLECULAR FUNCTION OF G3BPs

G3BPs play a central role in the regulation of mRNA
including translational control and stability to regulate cellular
homeostasis, RNA metabolism, and gene expression at the
posttranscriptional level (Figure 1). Recently, however, the
importance of the G3BP family has become more apparent in
other cellular activities. Human G3BPs were reported to act as
multifunctional proteins that interact with other cellular proteins
at different developmental stages in different cell types including
neurological disease, tumorigenesis and in host antiviral defense
(Martin et al., 2013; Zhang et al., 2015; Anisimov et al., 2019;
Reuper et al., 2021).

In a global mass-spectrometry-based proteomics screening for
m6A readers, human G3BPs (G3BP1 and G3BP2) were identified
as proteins that are strongly repelled by N6-methyladenosine
(m6A) modification (Edupuganti et al., 2017; Zhao et al., 2017).
m6A plays a major role in eukaryotic mRNA fate affecting diverse
aspects of RNA metabolism including stability, microRNA
biogenesis, splicing and translation (Wang et al., 2014; Zhao et al.,
2014; Alarcón et al., 2015; Wang et al., 2015). G3BP1 binding
to mRNA is positively associated with mRNA stability and this
can be affected by the level of m6A. Therefore, in humans,
G3BP1 controls the stability of mRNA in numerous ways. In
resting cells, G3BP1 binds to newly transcribed mRNA in the
nucleus preventing methylation by competing with the m6A
methylation machinery. G3BP1 can also bind to its mRNA targets
in the cytoplasm forming ribonucleoprotein granules (RNPs) that
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FIGURE 1 | Function and regulation of G3BPs. The fate of mRNA is delicately balanced by means of an equilibrium between translation, trafficking, storage and
decay (Nonsense mediated decay–NMD). Perception of various external stress stimuli such as abiotic (light, cold, heat, and oxidative), biotic [Botrytis cinerea (Bc),
Pseudomonas syringae maculicola (Psm), Pseudomonas syringae pv. Tomato DC3000 (Pst)] stresses, elicitors [the flagellin peptide (flg22)], hormones (ABA, GA3)
and nutrient starvation (-Pi) results in transcriptional induction or repression of G3BPs. A log2 Fold change > ± 1 was considered. Stresses induce the disassembly
of polysomes, thereby freeing mRNAs and mRNPs. The subsequent steps in the signal transduction pathway involve posttranslational modification such as
phosphorylation, methylation, acetylation and O-GlcNAcylation of mRNPs. An increase in the pool of translationally inactive mRNA favors the assembly of SG
orchestrated by G3BPs. The G3BPs then exert transcriptional control by altering gene expression and/or alternative splicing or by inducing the formation of stress
granules (SGs) thereby controlling translation. SGs disassemble when the organism adapts to stress or when the stress is relieved, facilitating the restoration of
normal translation.

are assembled into SGs thereby preventing RNA degradation.
Moreover, under certain circumstances, cells can demethylate
mRNA, thereby allowing G3BP1 to bind to GGACU-containing
mRNA sequences leading to increased stability of those mRNA
molecules (Edupuganti et al., 2017).

G3BPs in Plants
There is sparse literature concerning plant stress granules and
the role of G3BPs in the formation of SGs unlike in mammals
and Drosophila. The genome of Arabidopsis (TAIR10), encodes
eight G3BP members, which are characterized by the presence
of conserved NTF2-like and RRM domains (Abulfaraj et al.,
2018). Plant G3BPs are likely to be involved in a variety of
cellular processes where they co-ordinate signal transduction

and post-transcriptional gene regulation and play a key role
in the formation of SGs. Several ATG3BPs were shown to
be localized to SGs upon heat stress (Reuper et al., 2021).
Moreover, a member of ATG3BPs ATG3BP7 (AT5G43960)
was found to be localized into SGs upon stress conditions
(heat or chemical treatments). Expression of human G3BP
in plants co-localizes with TZF1, a plant SG marker protein,
indicating that SG formation is conserved among eukaryotes
(Krapp et al., 2017). A detailed sub-cellular localization of seven
out of the eight members of the G3BP family was carried
by transient expression in Nicotiana benthamiana leaves. All
members localized to the cytoplasm under normal conditions,
but ATG3BP4 (AT2G03640) localized also to the nucleus. In
addition, ATG3BP6 (AT3G25150), ATG3BP2 (AT1G13730), and
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FIGURE 2 | Regulation of G3BPs. (A) a heatmap showing the induction or repression (log2 Fold change > ± 1) of the different G3BPs by various abiotic or biotic
stresses, elicitors (such as chitin, flg22), hormones (such as ABA, GA3) and nutrient starvation. (B) G3BPs are reported as phospho-proteins in several large scale
phosphoproteomics studies. The networks show the phosphorylation of different G3BPs under different condition. ABA treatment activates the kinase SnRK2, which
inturn phosphorylates several substrates including G3BPs. The TOR-kinase also phosphorylates some G3BPs, so does osmotic stress (OS), auxin treatment or flg22
treatment. All this analysis was carried out using the PhosPhAT database and summarized.

ATG3BP1 (AT5G48650) formed granule-like structures under
normal conditions, whereas all ATG3BPs formed granule-like
structures after heat shock treatment (Reuper et al., 2021).

A detailed protein interaction profiling of seven members
of ATG3BP family was studied in the context of the formation
of homo- and heterooligomers in vivo. Generally, all
ATG3BPs members appear to interact with each other under
ambient conditions as well as under heat stress condition
(Reuper et al., 2021).

Upon screening around 931 RNAseq studies of Arabidopsis
included in Genevestigator (Zimmermann et al., 2004), we
observed that the expression profiles of the different members

of ATG3BPs differ according to developmental stages and tissue
specificity (Abulfaraj et al., 2018). We now extended the screening
to 2702 RNAseq studies to look at the expression pattern of the
G3BPs in response to diverse perturbations. A summary of gene
expression responses to a wide variety of perturbations including
abiotic stresses, biotic stresses, elicitors, hormones, and nutrient
starvation is represented as a heatmap generated with fold change
expression values (log2 Fold change > ± 1) compared to control
(Figure 2A). Overall, all the abiotic stresses induce the gene
expression of G3BPs except oxidative stress which suppresses
the gene expression. ATG3BP 1, 2, 3, 5, and 7 are induced by
cold stress. ATG3BP 4 and 7 are induced by high light and
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red/far red. ATG3BP1 is induced by high light as well as cold
and heat stresses. While heat stress induces the expression of
ATG3BP 4 and 6, it suppresses the expression of ATG3BP2.
Necrotrophic fungus B. cinereal induces the expression of
ATG3BP3 and 7. While Pseudomonas syringae maculicola (Psm)
induced the expression of ATG3BP3, it suppresses the expression
of ATG3BP2. Hemibiotroph Pseudomonas syringae pv. tomato
DC3000 induces the expression ATG3BP6 and 8. Flg22 induces
the expression of ATG3BP4. Plant hormone abscisic acid (ABA)
induces the expression of ATG3BP 3 and 5. Gibberellic acid GA3
induces the expression of ATG3BP2 and 3 while it suppresses
the expression of ATG3BP7. Phosphate starvation suppresses the
expression of ATG3BP 2, 6, 4, and 7. Intriguingly, salt and chitin
do not affect the gene expression of any of the G3BPs. This
shows that members of AtG3BPs have potentially different roles
in various stress signaling pathways (Figure 1).

In mammals, G3BPs bind to 40S ribosomes through their
RGG region, which is crucial for stress granule condensation.
This condensation process is strongly controlled by human
Caprin1/USP10 (Kedersha et al., 2016). In bimolecular
fluorescence complementation (BiFC) experiments in planta,
seven out of eight G3BPs showed interaction with AtUBP-24
(AT4G30890), the putative plant homolog of the mammalian
USP10 that inhibits SG formation upon binding to G3BP. The
Arabidopsis ATG3BPs also form homo- and heterodimerization
as reported for human G3BPs (Vognsen et al., 2013;
Reuper et al., 2021).

So far only two of the family members have been
functionally characterized in plants. While one of them,
ATG3BP7 (AT5G43960) was involved in viral immunity (Krapp
et al., 2017), the other member, ATG3BP1 (AT5G48650) was
shown to be a negative regulator against a bacterial pathogen
(Abulfaraj et al., 2018).

G3BPs AND POST-TRANSCRIPTIONAL
REGULATION OF mRNA

Organisms respond to environmental stimuli through the
activation of signal transduction pathways ultimately altering
gene expression and both primary and secondary metabolism.
However, besides these mechanisms, recent research revealed
important roles of RNA metabolism also contribute to stress
adaptation. These processes include alternative splicing,
processing, nucleocytoplasmic shuttling, RNA stability and
decay and the control of translation, in plant stress biology
(Nakaminami et al., 2012; Wang and Chekanova, 2016;
Figure 1). Prior to translation, posttranscriptional regulation
(PTR) of mRNA serves as a rapid response to cellular stress
(Bovaird et al., 2018; Tutucci et al., 2018). The repression of
translation during stress activates several post-transcriptional
regulatory proteins and mRNAs that induce the formation of
condensed membrane-less cytoplasmic organelles defined as
granules or foci by phase separation (Protter and Parker, 2016;
Van Treeck et al., 2018). mRNAs that are not being translated can
aggregate into two types of distinct cytoplasmic stress-induced
mRNP granules described as processing bodies (PBs) and stress

granules (SGs) (Figure 1). In eukaryotic cells, over 20 different
proteins have been discovered in the PBs and more than 70 in the
SGs. Moreover, several proteins are common between different
RNA granule types both in yeast and mammals (Poblete-Durán
et al., 2016). Although it is clear that PBs and SGs in plant, yeast
and animal have related functions (Xu and Chua, 2009; Sorenson
and Bailey-Serres, 2014), the formation and composition
of RNA granules in plants is less clear. A dynamic process,
referred to as mRNA cycling, involves mRNPs that can move
between polysomes, P-bodies and stress granules for storage
and remodeling. Translationally inactive mRNAs were found to
accumulate in P-bodies along with the mRNA degradation and
translation repression machinery, or in SGs that contain mRNAs
stalled in translation initiation (Balagopal and Parker, 2009;
Decker and Parker, 2012; Guzikowski et al., 2019).

Active endogenous mRNAs containing the 5′ cap and the 3′
poly(A) tail are generally stable and ready for translation. Each
individual transcript has its specific turnover rate, ranging from
translation to degradation. Several protein factors within the
messenger ribonucleoprotein (mRNP)-complexes accumulate
around the mRNAs controlling the fate for each transcript
throughout their dynamic life cycle (Mitchell and Parker,
2014). Shortening of the 3′ poly(A) tail by deadenylases
and removal of the 5′ cap by decapping protein 2 (DCP2)
activates 5′–3′ mRNA decay through exoribonucleases and 3′–
5′ degradation through the exosome that harbors both exo- and
endoribonuclease activities. The interaction and aggregation of
mRNA binding proteins allows the formation of RNA granules.
Deadenylation, decapping, and degradation activities coalesce
in RNA granules. Several proteins identified as endogenous
RNA silencing suppressors were found to be involved in 5′–
3′ and 3′–5′ RNA degradation (Mäkinen et al., 2017). There is
often competition between mRNA translation and degradation
correlating with the location of the mRNPs depending on
whether the mRNPs are engaged in translation or assembled
with the decapping machinery. P-bodies are cytoplasmic RNA-
protein granules which are formed as a result of the accumulation
of non-translating mRNAs, which include elements that recruit
P-body components. Although the complete composition of
P-bodies has not been well-studied, P-bodies contain translation
repressors, mRNA degradation enzymes, and cofactors including
decapping enzymes, activators of decapping complex, and
exoribonucleases. In addition, P-bodies also contain mRNAs
and proteins responsible for Nonsense mediated decay (NMD)
(Guzikowski et al., 2019).

SGs are large evolutionarily conserved cytoplasmic aggregates
of proteins and untranslated mRNAs formed in response to
stresses such as viral infections, heat, oxidation, and starvation
as a result of translational repression. Formation of SGs results
from the activation of one of the eIF2 kinases by oxidative,
heat stress or nutrient deficiency leading to the phosphorylation
of the alpha subunit of eIF2 and thereby blocking translation
by accumulating initiation complexes around the transcripts
(Krapp et al., 2017). Animal, plant, and yeast SGs contain
translation initiation components and play an important role
in modulating the stress translatome and proteome by selective
storage of mRNAs and protection of proteins. The accumulation
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of translationally inactive mRNAs in SGs inhibits translation
and subsequently their protein activity. Moreover, SGs can
disassemble and allow rapid reactivation and release of mRNAs
into a translationally active form upon stress recovery (Parker,
2012; Merret et al., 2013; Protter and Parker, 2016; Kosmacz et al.,
2019). Since several SG residents in mammals and yeast include
ATP−dependent helicases and remodelers, formation of SGs is
probably an ATP−driven process that involves RNA remodeling
(Courchaine et al., 2016; Banani et al., 2017).

Although it has been widely accepted that most non-
translating RNAs are diverted to SGs, a recent study challenges
this long-standing knowledge by providing evidence that SG-
localized transcripts can undergo translation and there is
continuous translocation of mRNAs between cytosol and SGs
(Mateju et al., 2020).

PLANT STRESS GRANULES

Although much advance has been made recently to identify
the composition of plant SGs and the physical characteristics
of their formation, little is known on the functional machinery
and how significantly SGs contribute to plant stress adaptation.
Most of the Arabidopsis SG components have been identified
by their homology with animal and yeast SGs (Chantarachot
and Bailey-Serres, 2018). Several proteomic analyses identified
Arabidopsis SG resident proteins, some of which are important
players in the assembly and dynamics of SGs such as proteins
involved in in RNA−binding [TUDOR−SN proteins (TSN1 and
TSN2)] (Gutierrez-Beltran et al., 2015; Kosmacz et al., 2019),
UBP1, poly(A)−binding proteins 2 and 8 (PAB2 and PAB8),
proteins possessing prion−like (PrLD) and ATPase regions,
elongation initiation factors (eIFs), chaperones TCP−1 complex,
heat shock proteins, RNA/DNA helicases, and a variety of
RNA−binding proteins (Gilks et al., 2004; Weber et al., 2008;
Pomeranz et al., 2010; Sorenson and Bailey-Serres, 2014; Jain
et al., 2016; Protter and Parker, 2016; Kosmacz et al., 2019;
Tabassum et al., 2020). Additionally, key enzymes responsible
for several pathways including ethylene, glucosinolate, and
rhamnose metabolism were also identified as components of SGs
(Kosmacz et al., 2019). Furthermore, signaling proteins involved
in plant growth e.g., cyclin−dependent kinase 1 [CDKA1]
and stress response proteins such as mitogen-activated protein
kinases and glutathione S−transferases were also found to be
residents of SGs (Kosmacz et al., 2019).

G3BPs IN PLANT VIRAL INFECTIONS

Several studies demonstrated that plant viruses require stress
granules and processing bodies for effective replication and
translation. The plant antiviral RNA silencing machinery is
important for the regulation of viral RNA stability and
expression. This in turn is suppressed by viral RNA silencing
machinery (Shukla et al., 2019). However, the plant cellular
mRNA regulatory network utilized by viruses remains unclear.
Viruses were reported to suppress the formation of SGs for

replication purposes. SGs are antiviral compartments and many
viruses were reported to suppress the formation of SGs for
replication purpose through G3BP interactions. Multifunctional
G3BPs contribute to the formation of SG upstream of eIF2α

phosphorylation (Mäkinen et al., 2017). A role of SGs and
G3BPs has been found in a number of viral studies in
animals and recently also in plants. Viruses target G3BPs
to block the formation of SGs. Proteins that contain the
short linear motif Phe-Gly-Asp-Phe (FGDF) bind G3BPs
via the hydrophobic groove on the surface of the NTF2-
like domain thereby blocking the ability of G3BPs to form
SGs and facilitating the replication of viruses harboring this
motif (McInerney, 2015). Although FGDF-like binding motifs
have been found in some plant viruses, the interaction of
plant G3BPs with viruses is poorly investigated (Panas et al.,
2015). Since SGs are normally coupled with the regulation
of gene expression, viruses have evolved different mechanisms
to neutralize their assembly and take advantages of them for
effective replication. ATG3BP7 (AT5G43960) was identified
as an Arabidopsis protein homolog to HsG3BP and is a
stress granule component that plays a role in plant virus
resistance. ATG3BP7 was recognized throughout its interaction
with a viral protein, the nuclear shuttle protein 3 (NSP3)
of the abutilon mosaic virus in SGs (Krapp et al., 2017;
Reuper et al., 2021). Interaction between ATG3BP7 and viral
proteins was found to be through a conserved FGDF-type
motif. FGDF motifs are found in the proteases of potyviruses,
waikaviruses, and closteroviruses proposing that formation of
SG through G3BP interactions could help in understanding the
interactions in plant virus infections (Mäkinen et al., 2017).
ATG3BP7 fused to GFP co-localized with TZFI, a plant SG
marker protein. Transient expression of ATG3BP7 fused to
GFP induces the formation of SGs upon stress (heat shock
or chemical treatment). ATG3BP7 also has an RGG motif in
its C-terminal similar to HsG3BP, which interacts with 40S
ribosomal subunits, mediating SG formation. Moreover, as
shown in mammals, several plant viral proteins have the ability
to bind to ATG3BP7, preventing the formation of SGs. For
example, ATG3BP7 colocalizes with the nuclear shuttle protein
(NSP) of the begomovirus Abutilon mosaic virus (AbMV),
which has an “FVSF” motif at its C-terminal end, and the
NSP of the nanovirus pea necrotic yellow dwarf virus with
the “FNGSF” motif, in plant cells, respectively, upon stress
(Krapp et al., 2017; Reuper et al., 2021). P1 protease of Turnip
mosaic virus (P1-TuMV) contains an FGSF-motif and FGSL-
motif at its N-terminus. This motif known as a binding site
for G3BP leading to the formation of SG and usually targeted
by viruses to suppress the formation of SG. G3BP7 were
co localized with the P1 of two TuMV isolates, which are
United Kingdom 1 and DEU 2. P1-TuMV-DEU 2 was co-
localized with ATG3BP-7 under abiotic stress conditions, whereas
P1-TuMV-UK 1 did not (Reuper and Krenz, 2021). Furthermore,
ATG3BPs behave similarly to their mammalian counterparts
in being expressed early upon virus infection. It has been
also reported that helper proteinase (HC-pro) of potato virus
A (PVA) is able to induce the formation of RNA granules
(Hafrén et al., 2015).
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G3BPs IN PLANT STOMATAL IMMUNITY

ATG3BP1 (AT5G48650) is an Arabidopsis protein that plays a
role in plant immunity. Arabidopsis loss of function mutants in
this gene showed enhanced resistance to the virulent bacterial
pathogen Pseudomonas syringae pv. tomato. Pathogen resistance
is mediated in ATG3BP1 mutants by altered stomatal and
apoplastic immunity, restricting pathogen entry into stomates
and showing insensitivity to bacterial coronatine–mediated
stomatal reopening. Moreover, ATG3BP1 mutants accumulate
H2O2 and show constitutive upregulation of a number of
defense marker genes including PR1, indicating that ATG3BP1
functions as a negative regulator of immunity. The resistance
phenotype of ATG3BP1 mutant plants depends on the up-
regulation of salicylic acid biosynthesis and signaling but does
not come with a growth penalty, which makes ATG3BP1 a highly
interesting target for molecular breeding of pathogen-resistant
crops (Abulfaraj et al., 2018).

REGULATION OF PLANT G3BPs

The adaptation of plants to environmental stresses involves
complex signaling networks that induce cellular, physiological
and developmental responses (Ramirez-Prado et al., 2018).
Several types of post-translational protein modifications have
been studied including acetylation, thiolation, adenylation,
ribosylation and phosphorylation. PTMs regulate signal
transduction pathways in all biological processes including
metabolism, growth, division, differentiation, motility, stability,
subcellular localization, and immunity (Rayapuram et al., 2021).
Upon activation, G3BPs can play a multitude of roles such as
exerting transcriptional control by modulating the expression of
key stress genes (Abulfaraj et al., 2018; Figure 1).

Protein kinases including mitogen-activated protein kinases
(MAPKs), extracellular signal-regulated kinases (ERK), and
cyclin-dependent kinases (CDKs) function in transferring
γ-phosphate from ATP to specific amino acids in proteins.
30% of all cellular proteins are phosphorylated on at least
one serine, threonine or tyrosine (S/T/Y) residue in the
phosphorylation site (Ubersax and Ferrell, 2007; Ghelis, 2011;
Lata et al., 2015). A thorough investigation of the PhosPhAT
database revealed that seven out of the eight members of
the plant G3BPs were found to be phosphorylated in several
large scale phosphoproteomic analysis as shown in Figure 2B
(Heazlewood et al., 2007). This suggests that the G3BPs are most
probably regulated via phosphorylation as a post-translational
modification. They were found to be phosphorylated in response
to several process including osmotic stress, RNA metabolism,
seed maturation, microtubule stability and plant growth. Others
were found to respond to plant hormones such as auxin, abscisic
acid, and ethylene. In addition, some of them were found
to be substrates of several protein kinases including SnRK2
protein kinase and mitogen-Activated Protein Kinases (MAPKs)
(Heazlewood et al., 2007).

G3BPs can also induce alternative splicing by binding to their
cognate mRNAs via the RGG (Arginine-glycine rich) domain that

is often found in RNA-binding proteins (Darnell et al., 2001).
G3BPs play a vital role in the formation and maintenance of
SGs owing to their ability to bind to RNA. Mutants lacking
G3BPs lose the ability to form SGs. Once disassembled, SGs could
then release mRNAs into a translationally active form leading to
protein synthesis (Kedersha and Anderson, 2002; Guillén-Boixet
et al., 2020). However, it is still not clear how distinct species of
mRNAs are regulated at the translational level and whether this
specificity is conferred by G3BPs and further work is needed to
understand the functions of distinct G3BPs in plants.

CONCLUSION

The field of plant G3BPs research is still in its infancy. So far, not
much has been known about them nor have any of them been
characterized in detail to understand their molecular function.
However, since G3BPs form a protein family that is highly
conserved during evolution and given the diverse roles G3BPs
play in yeast and mammals, it will be interesting to see what
functions have been conserved or evolved during the expansion
of G3BPs in plants. Research in the mammalian field has proven
beyond doubt that G3BPs bind to their specific mRNA targets
in the nucleus and influence their fate post-transcriptionally in
response to various environmental and cellular signals. It will
be interesting to find out if the significantly higher number
of G3BPs in plants bring about specificity with respect to the
RNAs that they bind to or by responding to different upstream
environmental and cellular cues. We still do not understand the
mechanisms that contribute to the recognition of mRNAs by the
G3BPs. There is also unequivocal evidence to prove that plant
G3BPs localize to SGs as in mammals, but there is scant evidence
on the precise composition or the function of SGs in plants.
Characterization of plants G3BPs in the formation of SGs will
lead to a better understanding of how plants respond to stress. So
far, SGs were considered to be storage centers for mRNAs to vade
through unfavorable conditions but recent findings challenge
this very simplistic notion. Further research is also warranted
into the roles of G3BPs and SGs in the interaction between
plants and viruses. A major unanswered question is, how are
the G3BPs regulated? Evidence suggests that they are regulated
both transcriptionally as well as post-translationally. These
investigations will further our understanding of how translational
control mechanisms contribute to the global regulation of gene
expression in plant stress responses.
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