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Post-translational modification (PTM) is a critical and rapid mechanism to regulate all the major cellular processes through the modification of diverse protein substrates. Substrate-specific covalent attachment of ubiquitin and Small Ubiquitin-Like Modifier (SUMO) with the target proteins, known as ubiquitination and SUMOylation, respectively, are crucial PTMs that regulate almost every process in the cell by modulating the stability and fidelity of the proteins. Ubiquitination and SUMOylation play a very significant role to provide tolerance to the plants in adverse environmental conditions by activating/deactivating the pre-existing proteins to a great extent. We reviewed the importance of ubiquitination and SUMOylation in plants, implicating its prospects in various abiotic stress regulations. An exhaustive study of molecular mechanisms of ubiquitination and SUMOylation of plant proteins and their role will contribute to the understanding of physiology underlying mitigation of the abiotic stresses and survival in plants. It will be helpful to strategize the improvement of crops for abiotic stress tolerance.
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Introduction

Plants are constantly exposed to a variety of unfavorable conditions which limit their growth. They maintain their homeostasis under stressful environments by modifying several metabolic cascades using complex multi-targeted molecular approaches that eventually alter the proteome to sense and alleviate the effects of stresses (Kosová et al., 2011; dos Reis et al., 2012). Plant proteome is remarkably transformed by post-translational modifications (PTMs) under stressful conditions and plays a key role to alter the structure, function, and abundance of cellular proteins by reversible/irreversible covalent attachment of reactive groups, complex molecules or peptides, and cleavage of oligopeptides (Figure 1; Table 1). PTMs regulate diverse cellular processes, including intracellular and extracellular signal transduction, protein-protein interaction, gene expression, and cell-cell interaction. Thus, PTMs greatly expand the dynamic regulation of cell physiology (Deribe et al., 2010; Shumyantseva et al., 2014). Advancement in proteomic technologies and bioinformatics has immensely facilitated the development of integrative databases of quantitative PTMs in plants (Table 2). Xue et al. (2022), presented >1 million experimentally identified PTM events under 583 conditions for 23 PTM types in 43 plants (http://qptmplants.omicsbio.info; Figure 2). The significance of PTMs in plants can be understood by the fact that 10% of the Arabidopsis genome is dedicated to the two most frequent PTMs viz. phosphorylation and ubiquitination (Lehti-shiu and Shiu, 2012). Furthermore, plants have a larger protein kinase superfamily than other eukaryotes (Mazzucotelli et al., 2006), possibly due to their increased need to be resilient (Hanada et al., 2008). The frequency of PTM types, sites, and chemical moieties covalently attached to proteins in various PTM events are shown in Table 1. Phosphorylation is the most frequent and important PTM-type and plays a crucial role in plant signaling and activation/deactivation of important enzymes/substrates (García-Mauriño et al., 2003), transcription factors (TFs) (Agarwal et al., 2007), and other effector proteins. Histone acetylation regulates gene expression, allowing transcription activation through DNA-binding proteins, and plays a key role under abiotic stresses (Weng et al., 2014; Hu et al., 2015; Li et al., 2021). Recently identified PTM types, such as butyrylation, crotonylation, glutarylation, malonylation, propionylation, succinylation, and 2-hydroxyisobutyrylation, greatly influence the growth, differentiation, and metabolism of plants (Huang et al., 2017; Feng et al., 2021; Xu et al., 2021). Glycosylation has a vital role in protein folding, signaling, intermolecular interactions, cell-cell adhesion, ER signaling, etc. that leads to abiotic stress tolerance. Ubiquitination also plays a critical role in various abiotic stress responses (Ning et al., 2011; Yanagawa and Komatsu, 2012; Peng et al., 2019; Lim et al., 2020; Zhang et al., 2021). SUMOylation is another significant PTM that alters the function, location, and turnover of target proteins and plays a critical role in the development and abiotic stress tolerance (Kurepa et al., 2003; Conti et al., 2008; Castro et al., 2012; Augustine and Vierstra, 2018; Liu et al., 2019; Hu et al., 2022). We reviewed the prospects of molecular mechanism and cross-talk between ubiquitination and SUMOylation of plant proteome under abiotic stress conditions and their role in stress mitigation.
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FIGURE 1
 Types of PTMs in eukaryotic cells. More frequent types of PTMs are highlighted.



TABLE 1 Frequency of post-translational modification (PTM) types, sites, and chemical moieties covalently attached to proteins in various PTM events.
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TABLE 2 Prediction and analysis tools for ubiquitination sites.
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FIGURE 2
 Frequency of common PTM types in plants.




Ubiquitination

Protein ubiquitination is the third most frequent, reversible, and extremely diverse PTM type in plants. The ubiquitination processing machinery, Ubiquitin 26S Proteasome System (UPS), plays a crucial role in the precise regulation of gene transcription, DNA replication and repair, quality and abundance of short-lived regulatory proteins, misfolded proteins, and protein trafficking processes in eukaryotes (Vierstra, 2009). The UPS involves covalent attachment of 76 amino acids' long, highly conserved ubiquitin-protein modifier to lysine residues on target proteins in various configurations to accomplish diverse fates (Weissman, 2001). The UPS targets ~80% of the proteins of a eukaryotic cell for degradation (Herrmann et al., 2007). Genome-wide studies showed that ~6% of Arabidopsis thaliana genome is committed to UPS, the majority of which code for ubiquitin ligases (E3s) (Yu et al., 2016). The 3-D structure of ubiquitin characteristically has a signature β-grasp domain at the center, enclosing a conserved hydrophobic core. This compact globular structure and extensive H-bonding make ubiquitin unusually stable. Ubiquitin structure displays equipoise between rigidity and flexibility where flexible regions are centered on rigid hotspots to provide high binding affinity and specificity. Ubiquitin protein contains seven highly conserved lysine residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63), which can be selectively ubiquitinated to produce structurally diverse ubiquitination patterns in the target protein (Kirkpatrick et al., 2006; Kim et al., 2007). The NH2- of methionine 1 at the N-terminus also serves as a receptor site for homotypic polyubiquitination (Rittinger and Ikeda, 2017). Diversity in ubiquitination patterns arises from the distinct length and topology of ubiquitin chain(s) attached to specific lysine residues. This interactive ability of ubiquitin might be the reason for the asymmetric complexity of the UPS that reinforces an extended interactome relying on a single molecule. Polyubiquitination of Lys48 of ubiquitin majorly leads to the degradation of misfolded proteins and obsolete proteins, through the ATP-dependent multimeric 26S proteasome system (Mazzucotelli et al., 2008). However, Lys63-linked polyubiquitination of target protein serves as a signal for endocytosis, protein activation, and intracellular trafficking (Pickart and Fushman, 2004). Several ubiquitin moieties attached to the target protein, i.e., monoubiquitination of single or multiple lysine residues, are the additional criteria for ubiquitination and regulate the distribution and function of proteins, thereby regulating various metabolic pathways from transcriptional regulation to membrane transport (Hicke, 2001). Yeast and oat ubiquitin sequences differ by three residues from human ubiquitin but by only two residues from each other. These differences might have led to a functional variation of ubiquitin in plants and animals. However, their major H-bonding patterns and secondary structural features are uniformly conserved. Target proteins are ubiquitinated through sequential reactions carried out by three enzymes: ubiquitin-activating (UBA; E1), ubiquitin conjugation (UBC; E2), and ubiquitin ligase (E3) enzymes. Ubiquitination of protein initiates with the activation of ubiquitin by E1 in an ATP-dependent manner, forming a thioester bond between the C-terminus of activated ubiquitin and the thiol group of a catalytic cysteine residue, forming the E1-Ub intermediate. Thereafter, E2 accepts the activated ubiquitin from the E1-Ub complex and conjugates it onto the cysteine, forming a thioester-linked E2-Ub intermediate (Figure 3). A canonical E1 enzyme has three conserved domains: an adenylation domain for the formation of Ub-adenylate; a catalytic domain with a conserved cysteine residue that links with the di-glycine motif of Ub; and a ubiquitin fold domain (UFD) to associate with E2. In processes where other ubiquitin-like proteins (UBLs) are also part of the conjugation cascade, E1 enzymes confer specificity by matching a particular UBL with only cognate E2s. E2s have 140 amino acid UBC domains, possessing a highly conserved Cys-residue that accepts activated ubiquitin transferred from E1-Ub and facilitates interaction between E3 and E2-Ub intermediate (Wu et al., 2003; Kraft et al., 2005). Although there is an overlap between regions of the UBC domain interacting E1-Ub and E3, the binding of E2 to E1 and E3 is mutually exclusive. Certain members of the E2 family feature variable N- and/or C-terminal extensions that result in functional diversity of E2 to subcellular localization and pathway-specific E1/E2/E3 interactions. E2 enzymes mainly determine the length, specificity of chain assembly, and topology of ubiquitin networks (Kim et al., 2007; Ye and Rape, 2009; Rodrigo-Brenni et al., 2010). E2-E3 combination also determines the topology of the ubiquitin chain (Deshaies and Joazeiro, 2009). E3 ligases are critical regulators that dictate the efficiency and specificity of ubiquitination by recruiting the appropriate target proteins. Simultaneous but asymmetric loading of two ubiquitin molecules on E1, the non-covalent binding of Ub-adenylate, and cysteine-esterification of Ub are remarkable features of the E1-E2 cycle. Studies suggest that coupling of the second adenylation reaction to E2-Ub transfer stabilizes catalytically competent E1 into an energetically favorable conformation, which complements the rate of E2 transthiolation. The E2-Ub complex then concomitantly interacts with group-specific E3 ligases, which, in turn, associate with the target protein to form an isopeptide bond between the C-terminal glycine of activated ubiquitin and Lys of the target protein. This process of ubiquitination is repeated under the strict regulation of E2 and E3 (Komander and Rape, 2012) and can be reversed by deubiquitinating enzymes (DUBs) (Komander et al., 2009). Deubiquitination is the hydrolysis of peptide bonds at highly conserved Gly76 residue of ubiquitin, which has constitutive and regulated activities in the cell. DUBs are mainly involved in the following: (i) post-translational processing of ubiquitin precursors that are typically encoded as fusions to itself or other proteins to generate Ub monomers; (ii) protection of activated ubiquitin against various intracellular nucleophiles such as glutathione and polyamines; (iii) regeneration of ubiquitin and/or polyubiquitin chains from Ub-conjugates committed for proteasomal degradation; and (iv) disassembly of unanchored poly-Ub chains to restore and maintain an adequate pool of free ubiquitin in the cell. DUBs can also rescue committed substrates from proteasomal degradation by altering their half-life in response to specific signaling events, thereby serving as the negative regulators of protein degradation. Moreover, DUBs have been proposed to perform final proof-reading activity for the degradation to rescue proteins targeted inappropriately to the proteasome (Lam et al., 1997). DUBs have two signature motifs: the 18 amino acid long Cys-box and a His-box of varying length with conserved catalytic cysteine and histidine residues, respectively. DUBs are crucial in cellular ubiquitin homeostasis and comprise the ubiquitin C-terminal hydrolase (UCH) family and the ubiquitin-specific processing protease (UBP) family. The UCHs preferentially deubiquitinate small peptides and amino acids, while UBPs seem to remove ubiquitin specifically from the proteins targeted for ubiquitination. The Arabidopsis genome expresses 64 DUBs that are classified into five sub-families based on domain organization and catalytic residues: Ubiquitin-specific Protease/Ubiquitin-binding Protease (USP/UBP), Ubiquitin C-Terminal Hydrolase (UCH), Ovarian Tumor (OTU) protease, Machado-Joseph Domain Protease (MJD), and JAB1/MPN/MOV34 (JAMM) protease. The first four are cysteine proteases, while JAMM family members are metalloisopeptidases and require zinc as a cofactor. Often, polyubiquitination and deubiquitination reactions take place in unison, thereby ensuring the abundance of essential enzymes and the regulatory proteins required in the regulatory networks.
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FIGURE 3
 The ubiquitination cascade: Ub conjugation system undergoes ATP-dependent Ub activation and formation of thioester with E1. Subsequently, Ub is transferred to E2. E3 catalyzing Ub transfer to substrates is divided into RING, Cullin RING, HECT, and RBR classes. DUBs catalyze the removal of Ub from substrates.


The extensive repertoire of E3s differentially modifies diverse target proteins. Plant genomes contain one or two E1s, tens of E2s, and >1,000 of E3s encoding genes (Chen and Hellmann, 2013). The Arabidopsis genome has two E1, 37 E2, 8 E2-like, and >1,300 E3 encoding genes or components of E3 complexes (Stone, 2014). Based on the domain architecture and mechanism of action, the E3 ubiquitin ligases are classified into four classes: Homology to E6-Associated Carboxyl-Terminus (HECT)-type, Really Interesting New Gene (RING)-type/ U-box-type, Cullin RING ubiquitin Ligases (CRLs), and RING-IBR-RING (RBR) (Zheng and Shabek, 2017). Most of the plant E3s belong to the RING-type group and the Arabidopsis genome has >470 genes coding for RING-type E3s (Kraft et al., 2005). The majority of RING-type E3s are monomers containing RING-domain and substrate-recruiting modules in a single polypeptide. However, RING-type domains tend to form homo- or hetero-dimers. Unlike RING E3s that function as allosteric activators, HECT E3s are catalytically active and uniquely form E3-Ub thioester intermediate (Huibregtse et al., 1995) and catalyze polyubiquitination independent of their cognate E2s (Lorenz, 2018). Plant genomes contain significantly higher numbers of U-box protein-related genes as compared to other eukaryotes (Li et al., 2008; Yee and Goring, 2009; Lyzenga and Stone, 2012). The Arabidopsis and rice genomes have 64 and 77 U-box-related genes, respectively. U-box, ~70 amino acid long, is a modification of the RING-finger domain and folds into a scaffold structure like the RING domain. It lacks the classical zinc-chelating cysteine and histidine residues and forms multiple hydrogen bonds using cysteine, serine, and glutamate side chains. Hydrophobic interactions and salt bridges stabilize the corresponding hydrophobic core at the tertiary level (Callis, 2014).

Mechanistically, RBR-type E3s harbor a unique RING1-IN BETWEEN RING (IBR)-RING2 supra-domain that displays defined features of both RING- and HECT-type E3s. The N-terminal RING1, arranged in a cross-brace configuration, represents the typical RING domain, whereas RING2 and IBR domains adopt a common IBR-fold, coordinating two zinc ions that differ from the canonical cross-brace fold of RING1. The C-terminal RING2 is the catalytic subunit of RBR containing a conserved cysteine residue that accepts the donor ubiquitin from E2-Ub conjugate to generate a covalent E3-Ub intermediate, a feature typical of HECT-type E3s. With no catalytic cysteine, the IBR domain possesses two adjacent flexible linkers that enable three RBR sub-domains to adopt multiple conformations relative to each other, which, together with intramolecular interaction with regions outside the RBR domain, allow dynamic autoregulatory transitions between active and inhibited states. As aforementioned, RBR-type E3s function through a concerted RING/HECT-like molecular mechanism, wherein RING1 domains recruit and stabilize the cognate E2-Ub pair, facilitating the transfer of ubiquitin directly onto the RING2 cysteine to form a covalent HECT-like thioester intermediate. Subsequently, this charged Ub couples with its corresponding substrate. Unlike the RING and HECT-type E3s that are involved in the synthesis of diverse homohetrotypic chains, LUBAC, a multi-protein RBR, specifically catalyzes peptide-bond formation between Gly76 of existing and Met1 of the incoming ubiquitin, yielding linear ubiquitin chains. Most of these ligases further strictly regulate their enzymatic activity by auto-inhibition and activation through specific protein-protein interactions and PTMs (Marín, 2010; Berndsen and Wolberger, 2014; Smit and Sixma, 2014; Dove and Klevit, 2017; Zheng and Shabek, 2017). Forty-two Arabidopsis RBR E3s are categorized into 4 sub-groups: Plant II (22 members), Plant I/helicase (3 members), ARA54 (1 member), and ARIADNE (16 members) (Fernandez et al., 2020). The RBR ligases are reported to regulate the turnover of core components of ABA signaling to modulate plant ABA responses. The ABA receptors, PYR/PYL/RCAR, are ubiquitinated in a spatial- and enzyme-dependent manner for the degradation via proteasomal or vacuolar pathways. For example, nuclear ubiquitination of PYR/PYL/RCAR ABA receptors is catalyzed by RFA4 and its cognate E2 UBC26, in addition to known CULLIN-RING E3 ligase (CRL4)-DDB1-ASSOCIATED1 (DDA1) complex, and is degraded in a proteasomal-dependent manner. By contrast, RSL1-mediated ubiquitination of PYL4 and PYR1 at plasma membrane destines modified proteins to endosome-mediated vacuolar degradation pathway through endosomal sorting complex required for transport (ESCRT) (Fernandez et al., 2020).

RING-type E3s exist in different structural contexts, one being multi-protein complexes, where a scaffold protein facilitates the assembly of different components. Plant CRLs are typical examples of multimeric RING E3 ligases and are further classified into four subfamilies: S phase kinase-associated protein 1-Cullin 1-F-box (SCF), Bric-a-brac-Tramtrack-Broad complex (BTB), DNA Damage-Binding domain-containing (DDB), and Anaphase-promoting complex (APC) (Hua and Vierstra, 2011). CRL family of E3 ligases is composed of four or five different protein subunits tethered together through a common adaptor protein. CRL uses Cullin proteins (CUL1, CUL3a/3b, or CUL4) as a platform to interact with E2-Ub binding RING proteins (RBX1/ROC1/ HRT1) at its C-terminal and substrate-recruiting protein at the N-terminal regions (Schwechheimer and Calderon Villalobos, 2004; Hotton and Callis, 2008). The substrate-recruiting subunit can either bind directly to the CUL protein or along with an adaptor protein. Degeneracy between catalytic and adaptor modules allows the association of diverse adaptors to the same catalytic subunit and forms distinct E3 complexes with a broad spectrum of substrate specificity exhibiting enormous plasticity in substrate specificity.


Ubiquitin code

Attachment of ubiquitin molecules to the substrate proteins in monomeric or polymeric forms linked through specific isopeptide bonds is known as ubiquitin code. Depending upon the linkage type, different ubiquitination patterns attain distinct conformations and lead to unique consequences in cells. Interestingly, ubiquitination has emerged as a cellular language to precisely communicate between and within cells. Monoubiquitination is the most basic form of ubiquitination and may occur on multiple Lys residues in the same protein to yield a multi-monoubiquitination. Owing to the type of linkage involved, ubiquitin chains can either be homotypic or heterotypic. In homotypic chains, all building blocks of the chain are linked through the same Lys or Met residues. However, heterotypic chains contain mixed and branched-type polyUb chains with different linkages in a single polymer. Thus, ubiquitin with its eight potential attachment sites, present all over the surface, enables the conjugates to adopt distinct but dynamic conformations. Moreover, ubiquitin is subject to additional PTMs like phosphorylation, acetylation, and ribosylation, which further expand the functional repertoire of Ub code. Extensive crosstalk among these PTMs directs ubiquitin signal regulation and/or diversification. Various ubiquitin modifications are recognized by effector proteins with linkage-specific ubiquitin-binding domains (UBDs), which couple the modified substrate with the downstream events.

Proteomic analysis of the Arabidopsis ubiquitylome demonstrated that six of seven homogeneous substrate-bound Lys chains were in an order of abundance of Lys48>Lys63>Lys11, followed by lower levels of Lys33>Lys6>Lys29 (Kim et al., 2013). Lys48 predominantly signals for proteasome-mediated degradation and is implicated in almost all aspects of plant signaling (Sadanandom et al., 2012; Walsh and Sadanandom, 2014). Lys63-linked ubiquitin chains can also generate proteasomal degrons (Saeki et al., 2009) but mostly targets modified proteins to lysosome and vacuole for degradation (Welchman et al., 2005; Kirkin et al., 2009). Plants display similar abundance and patterns of the abovementioned ubiquitin modifications responsible for many cellular processes, including endocytic sorting, DNA repair, plant immunity, and plant nutritional deficiency responses (Miricescu et al., 2018). Additionally, a Ub linkage type, Lys29, reportedly regulate the gibberellic acid (GA) pathway that signals for proteasomal degradation of DELLA proteins (Wang et al., 2009a). Other chains linked through Lys6, Lys11, and Lys33 are atypical to plants and have not been well-characterized. In addition to the polyubiquitin chain types, monoubiquitination is also responsive to various proteolytic (UPS or autophagy), as well as non-proteolytic signals, such as protein-protein interaction, localization, and activity modulation. Studies suggest that monoubiquitination of the histone H2B catalyzed by the E3 ligases, HISTONE MONOUBIQUITINYLATION 1 and 2 (HUB1 and HUB2), mediate plant immunity. Remarkably, to interpret and integrate the myriad of signals generated by the ubiquitin system, cells have evolved a range of specific UBDs that recognize multifaceted ubiquitin codes for different functions, primarily on the basis of a defined geometric assembly of different ubiquitin surfaces to trigger specific biological responses.



The ubiquitin 26S proteasome system (UPS)

The UPS is a large (~2.5 MDa), multimeric ATP-dependent protease complex in all eukaryotic cells and serves as an elegant junk protein disposal system. It coordinates the abundance of various regulatory proteins involved in a myriad of signaling and metabolic pathways. Chaperon-assisted recognition and UPS-mediated degradation of aberrant proteins produced after translational errors or stresses emphasize the significance of UPS in protein quality control (Marshall and Vierstra, 2019). Since the proteasome is a negative regulator of the proteome, its regulation is critical for preserving homeostasis. Regulation of proteasome activity occurs at different levels, starting from its abundance and subcellular localization to proteolytic activity and post-function destruction, either through degradation of individual subunits or by removal of the proteasome as a whole (Livneh et al., 2016).

Substrate processing is a prerequisite for efficient protein degradation. The UPS combines strict substrate selectivity with extreme promiscuity for substrate processing to enable the degradation of thousands of proteins with high specificity. Importantly, tagging of proteins with Ubs is insufficient to label them for degradation. Apart from the protein sequence that determines ubiquitination, a loosely folded region near the end of the polypeptide is also required to determine the susceptibility of the target protein to proteasome for degradation. Thus, selective recognition of the Ub chain along with the poorly folded region is a fundamental basis for proteasomes to discriminate the target proteins for degradation from no-target proteins. Moreover, substrates' commitment to degradation is a critical and irreversible association between substrate and proteasome through its ATPase subunits, which, upon activation, drive the co-translational unfolding of substrates. The unstructured, unfolding-prone regions also serve as a starting point for translocation. Before the commitment, substrates undergo a reversible association with proteasome through intrinsic Ub receptors of 19S regulatory particle (RP) and facilitate their deubiquitination via DUBs. The majority of the substrates accomplish this binding to get deubiquitinated, but only those that undergo irreversible binding are designated as degron. Therefore, a kinetic competition between deubiquitination, release of the substrate, and allosteric activation of RP determine the fate of target proteins (Lee et al., 2001; Prakash et al., 2004; Peth et al., 2010; Yu et al., 2016; Collins and Goldberg, 2017).



UPS-dependent regulation of abiotic stresses in plants

Plants utilize the activity of UPS to combat various abiotic stresses by regulating the turnover of short-lived post-functional regulatory proteins or stress-induced damaged proteins to mitigate the effects of dynamic environmental stresses. Transcriptome and proteome studies in different abiotic stress-exposed plants showed altered levels of TFs, modulating the expression profile of stress-responsive genes (Ellis et al., 2002; Dooki et al., 2006; Zhang and Xie, 2007; Zhu et al., 2007; Guo et al., 2008; Pandey et al., 2008; Sharma and Pandey, 2019). Over-expression of mono/polyubiquitin genes was reported to independently modulate stress tolerance in different organs of Arabidopsis (Sun and Callis, 1997), maize (Christensen et al., 1992), tobacco (Genschik et al., 1992; Lyzenga and Stone, 2012), and potato (Garbarino et al., 1992).

The considerable number and functional diversity of E3 ligases indicate their significance in the modulation of multiple abiotic stress-induced responses. Various enzymes involved in hormone biosynthesis, the abundance of related TFs, and other effector proteins are potential substrates of E3 ligases. The Arabidopsis DELLA proteins, known to suppress GA signaling, are the typical example of ubiquitination-dependent regulation of hormone effect as degradation of DELLA proteins in presence of GA involves SCFSLY/GID2 E3 ligase complex (Dill et al., 2004). The most common way employed by E3 ligases to regulate stress-related factors is to either act as a negative regulator that suppresses stress response pathways by targeting positive regulators for degradation or promotes stress signaling as positive response regulators that target negative regulators for degradation following stress perception or attenuate stress signaling by targeting positive regulators for degradation. In addition to E3, many E2 encoding genes are also stress-inducible. Transcript abundance of UBC2 in soybean (GmUBC2), groundnut (AhUBC2), and Arabidopsis (AtUBC32) was upregulated under water and/or salt stress (Zhou et al., 2010; Wan et al., 2011; Cui et al., 2012). Surprisingly, overexpression of AtUBC32 rendered the plants sensitive to salt stress (Cui et al., 2012), while atubc32 mutant plants were more tolerant to salt stress. Overexpression of mung bean UBC1 (VrUBC1), peanut (AhUBC2), or soybean (GmUBC2) genes in Arabidopsis plants showed improved tolerance to drought stress (Zhou et al., 2010; Wan et al., 2011; Chung et al., 2013). Overexpression of non-canonical cucumber Lys63-linked polyubiquitinating conjugase (CsUBC13) in Arabidopsis regulates the Fe-responsive gene(s) and promotes root development under iron-deficient conditions (Li and Schmidt, 2010). Transgenic tobacco overexpressing wheat monoubiquitin gene, Ta-Ub2, ameliorates the salt, cold, and drought stress (Kang et al., 2016), and improves photosynthesis under high light stress (Tian et al., 2014). Wheat F-box protein gene TaFBA1, a core component of the SCF E3 ligase complex, provides heat tolerance (Li et al., 2018).

Altered UPS activity can also affect the plants' tolerance to various environmental stresses. Mutations in UPS, especially, in the RP subunits, decrease complex accumulation, reduce the rate of ubiquitin-dependent proteolysis, and amend plant response to abiotic stresses (Smalle et al., 2003; Smalle and Vierstra, 2004; Ueda et al., 2004; Kurepa et al., 2008). Arabidopsis mutants of rpn10-1, rpn1a-4, and rpn1a-5 were less tolerant to salt stress (Smalle et al., 2003; Wang et al., 2009b). Also, rpn10-1 plants were hypersensitive to UV-radiation and DNA-damaging agents (Smalle et al., 2003). Rpn1a-4, rpn1a-5, rpn10-1, rpn12a-1, and rpt2a-2 exhibited reduced heat-shock tolerance (Kurepa et al., 2008; Wang et al., 2009b). Hypersensitivity to various stress conditions shown by RP mutants suggests the crucial role of the proteasome in modulating plant responses to adverse growth conditions. Expression analysis of 67 Triticum aestivum α- and β-type subunits of 20S proteasome core protease at the seedling stage showed that 10 genes were involved in heat stress responses, 4 genes were involved in drought tolerance, and 9 genes were expressed under both heat and drought stress conditions, suggesting their active role in multiple abiotic stresses (Sharma et al., 2022). A significant reduction in the number of ubiquitinated proteins in soybean roots by flood stress suggests a relationship between proteasome-mediated proteolysis and waterlogging (Yanagawa and Komatsu, 2012). Direct or indirect disruption of UPS and its after-effects establishes its importance in plant responses to various stress conditions.



E3 ligase function during drought stress

A well-described example of RING-type E3s is Dehydration Responsive Binding Element 2A (DREB2A) Interacting Protein1 (DRIP1) and DRIP2, which are involved in the regulation of stress-responsive ERF/AP2 transcription factor DREB2A that functions upstream of many drought- and salt-stress inducible genes (Figure 4A) (Qin et al., 2008). Accumulation of DREB2A only under drought conditions, in vitro ubiquitination of DREB2A by DRIP1, and increased stabilization of DREB2A in drip1/drip2 double mutants indicate that the abundance of DREB2A is negatively regulated by DRIP1/2 (Sakuma et al., 2006a,b; Qin et al., 2008; Al-Saharin et al., 2022). Moreover, the increased abundance of DREB2A upon UPS inhibition and enhanced drought tolerance in drip1/drip2 double mutants was concomitant with a significant increase in expression of several drought-inducible genes specifically regulated by DREB2A (Qin et al., 2008). It showed that DREB2A is unstable under non-stress conditions, and RING ligases DRIP1/2 function redundantly to suppress drought signaling via ubiquitin-mediated proteolysis of DREB2A. The presence of 30 residues' long serine and threonine-rich negative regulatory domain, the degron, makes DREB2A unstable and acts as a signal for ubiquitin-mediated degradation. In absence of stress, DRIP1/2 localizes in the nucleus, interacts with DREB2A, and directs the destruction of DREB2A (Qin et al., 2008). Under stress conditions, perhaps the DREB2A degron is made unavailable to degradation machinery, which leads to accumulation and stabilization of DREB2A. Since stress conditions do not affect the transcript levels of DRIP1/2, there is a possibility that drought-induced re-localization of DRIP1/2 to cytosol may lead to DREB2A stabilization. Stress Associated Protein5 (SAP5) is another E3 that functions upstream of DRIP1/2 ligases and promotes their degradation, thereby modulating drought-stress responses positively in Arabidopsis and wheat. Moreover, Arabidopsis SAP5 has been reported as a positive regulator of salt and osmotic stress tolerance (Al-Saharin et al., 2022; Table 3).
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FIGURE 4
 ABA-independent stress response. (A) Under drought and salt stress: DREB2A transcription factor functions upstream of various drought, salt, and heat-responsive genes. DRIP1/2 E3 ligase negatively regulates stress tolerance as a signaling inhibitor and targets DREB2A for UPS-mediated degradation. SAP5 E3 ligase reinforces stress signaling by regulating DRIP1/2 turnover. SCE1-mediated SUMOylation of DREB2A also enhances its stability. CUL3-based BPM ligases mark DREB2A for degradation as a signal attenuator. (B) Under cold stress: Cold stimulus is sensed by plasma membrane (PM) bound receptors, mostly histidine kinases (HKs) and receptor-like kinases (RLKs). Subsequent activation of Snf-related kinase (SnRKs), OST1, phosphorylates (P) ICE1, which enhances the expression of CBF and CBF-regulated cold stress-related (COR) genes. SIZ1 mediated SUMOylation (S) of ICE1 impedes the turnover rate and stabilizes ICE1. Cold stress-induced expression of MYB15 (a negative regulator of CBF) is ubiquitinated (Ub) and degraded via OST1 phosphorylated PUB25/26. BIN2 phosphorylated ICE1 levels are reduced by HOS1 E3 ligase in absence of stress. Cold stress-induced altered intracellular Ca2+ levels initiate MAPK signaling, which is also involved in ICE1 regulation, as shown by the dashed arrow. Crosstalk between GA and JA signaling also helps stabilize ICE1 wherein CBF stimulated GA2 oxidase inhibits bioactive GAs. This allows the accumulation of DELLA, which interacts and binds JAZ to release JAZ-bound ICE1, thereby promoting the accumulation of ICE1.



TABLE 3 List of abiotic stresses responsive E3 Ub ligases in plants.
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Plant U-box type E3s are also known to participate in the regulation of drought stress tolerance. For example, PUB11, by targeting Leucine-rich Repeat Protein1 (LRR1) and Kinase7 (KIN7), impedes stomatal closure and reduces drought tolerance. Other members of the U-box family that are known to downregulate drought tolerance are PUB19, PUB22, and PUB23 (Table 3). On contrary, PUB46 and PUB48 are reported as positive regulators of drought stress since their mutations lead to drought hypersensitivity, though their potential targets remain elusive (Al-Saharin et al., 2022). Rice PUB41 (OsPUB41) is known to have a negative influence on drought-responsive signaling as it mediates the degradation of Chloride Channel6 (OsCLC6), which is critical for modulating chloride homeostasis under water deficit conditions.

In Capsicum annum, the RING membrane-anchor 1 homolog 1 (Rma1H1) was originally identified as a dehydration-regulated gene (Park et al., 2003), which, when overexpressed in Arabidopsis, resulted in increased drought tolerance (Lee et al., 2009). The plasma membrane aquaporin PIP2/1 is known to serve as a potential target for Rma1H1 and was shown to interfere with a UPS inhibitor, MG132, suggesting the role of Rma1H1 in proteasome-mediated stress tolerance by regulating the aquaporin levels in plants. It has been suggested that aquaporins can negatively impact plants during water stress because they facilitate symplastic water transport (Jang et al., 2004; Alexandersson et al., 2005). Rma1-3 are the Arabidopsis homologs of Rma1H1 (Lee et al., 2009). Together, Rma1H1 and Rma1 promote drought tolerance by mediating the degradation of aquaporins. This contradicts CaPUB1 and its Arabidopsis homolog AtPUB22/23 since their over-expression renders the transgenic plants more sensitive to drought and salt conditions. The RP subunits, which are Rpn6 and Rpn12a, are the potential substrate for CaPUB1 and PUB22/23, respectively. The significance of these interactions is still unknown, but ubiquitin-dependent regulation of Rpn subunits may regulate the activity of the UPS during the drought stress response.



Ubiquitination and salinity stress response

E3 ligases are also well-explored for their function in the regulation of salt-induced adaptive responses. Myriads of E3 ligases are reported that confer tolerance to more than one stress, such as drought and salt stresses, by regulating common factors functioning under both stresses. One shared factor is ABA, which is mainly a stress-induced hormone, that signals reprograming of cellular osmotic and ionic steady states to mitigate common physiological responses, such as stomatal movement regulation. In wheat, a U-box protein TaPUB15 has been implicated in positive salt stress tolerance (Table 3) by stabilizing the expression of stress-tolerant genes and maintaining low Na+/K+ ratios (Li et al., 2021). Conversely, PUB26 affects salt stress response negatively (Table 3) by interacting with one of the ATPase subunits of 26S proteasome, T. aestivum Regulatory Particle Triple-ATPase2A (TaRPT2a). Its gene expression is salt inducible, but the molecular mechanism underlying this interaction requires further studies (Al-Saharin et al., 2022). SALT TOLERANCE RING FINGER 1 (STRF1) is a membrane-associated RING-H2 type E3 ligase annotated as a positive modulator of salt stress in Arabidopsis (Table 3). It localizes to intracellular endosomes and confers salt stress by regulating membrane trafficking and ROS production (Tian et al., 2015). In rice, four members of the SALT-INDUCED RING PROTEIN (SIRP) family of RING-type E3 ligase have been identified. Overexpression of SIRP1/3/4 increased the sensitivity of transgenic plants toward salt stress, which indicated their roles as negative modulators of salt stress tolerance, whereas SIRP2 overexpressed plants with enhanced salt resistance suggested a positive role for SIRP2. While substrates of SIRP1 are not known, SIRP3 and SIRP4 are known to impose their inhibitory effects by facilitating the degradation of stress-induced positive regulators. While OsSIRP3 targets MADS-BOX GENE 70 (OsMADS70) and an ABC DOMAIN CONTAINING PROTEIN (OsABC1P11), SIRP4 triggers proteasomal degradation of PEROXISOMAL BIOGENESIS FACTOR11-1 (OsPEX11-1). The O. sativa Transketolase 1 (OsTKL1) has been identified as a potential target of OsSIRP2; however, the significance of ubiquitination-mediated degradation of OsTKL1 under salt stress is unclear (Al-Saharin et al., 2022).



Ubiquitination and temperature stress response

UPS also functions to attenuate cold stress signaling as exemplified by High expression of osmotically responsive gene1 (HOS1) RING-type E3 engaged in degradation of ICE1 (Inducer of CBF expression 1), a MYC transcription factor that controls the expression of cold-responsive transcription factor DREB1A/C-REPEAT BINDING FACTOR3 (CBF3) involved in the regulation of numerous cold-responsive genes (Figure 4B). Consistent with the role in mediating ICE1 protein turnover, overexpression of HOS1 suppresses the expression of ICE target genes while increasing the sensitivity to freezing conditions. Although HOS1 possesses a variant RING domain, it catalyzes in vitro and in vivo ubiquitination of cold-responsive ICE1 (Lee et al., 2001; Stone et al., 2005; Dong et al., 2006). Interestingly, both the upregulation and downregulation of ICE1 TF is a cold-induced phenomenon. However, cold-inducible genes are only transiently expressed (Chinnusamy et al., 2003) and facilitated by cold-induced relocalization of HOS1 from the cytoplasm to the nucleus, enabling proteasomal degradation of nucleus-localized ICE1 (Lee et al., 2001; Dong et al., 2006). Critical regulation of ICE1 activity by phosphorylation indirectly modulates its stability through UPS. High temperature also engages E3s to monitor the abundance and the activity of several TFs that promote or suppress transcription of stress-related genes to activate appropriate mitigation responses. Heat stimulus-based physiological responses involve increased production of ROS, alteration in protein structure, and perturbed membrane integrity due to lipid peroxidation. Mitigation of heat stress essentially requires transcriptional activation of thermotolerance-related genes and stabilization of upstream transcriptional activators. For example, A RING-finger E3 ligase in Arabidopsis known as PROTEIN WITH RING DOMAIN AND TMEMB1 (AtPPRT1) induces the expression of the following heat-responsive genes: HEAT SHOCK PROTEIN 21 (AtHSP21), HEAT SHOCK TRANSCRIPTION FACTOR A7A (AtHSFA7a), and ZINC-FINGER PROTEIN 12 (AtZAT12) by targeting transcriptional repressors of these genes. Related studies elucidated the role of AtPPRT1 in the negative regulation of drought and salt stress tolerance (Table 3). Similarly, overexpression of AtPUB48, a U-box type E3, acts as a positive regulator of heat stress-responsive genes and increases their expression. Following the fundamental theme of imparting stress tolerance by promoting turnover of negative elements and stabilization of positive elements, rice RING E3 ligase, HEAT-INDUCED RING FINGER PROTEIN1 (OsHIRP1), show heat stress tolerance through proteasomal degradation of ALDO/KETO REDUCTASE4 (OsARK4) and HIRP1-REGULATED KINASE1 (OsHRK1) that likely affects heat-stress tolerance negatively (Al-Saharin et al., 2022).



Ubiquitination and UV radiation stress response

A significant amount of UV-B (280–320 nm) reaching the earth's surface is another source of abiotic stress. High levels of UV-B exposure generate reactive oxygen species (ROS) that lead to DNA damage. Conversely, low levels of UV-B act as a signal that triggers regulatory responses involved in repairing UV damage. Two basic mechanisms of DNA-damage repair are photoreactivation and nucleotide excision repair (NER) (Tuteja et al., 2009). The NER pathway involves a CUL4-DNA Damage Binding protein1 (DDB1)-based CRL that targets a nucleus-localized DDB2 protein, which binds to UV-induced bulky DNA lesions (Molinier et al., 2008). Nuclear translocation of DDB1, following UV irradiation, facilitates the degradation of DDB2. CUL4-DDB1-mediated removal of DDB2 from DNA lesions recruits and permits NER machinery to access the lesions. Ataxia Telangiectasia-mutated and Rad3-related (ATR) protein kinase, as well as De-etiolated1 (DET1) factors, assist in UV-induced CUL4-DDB1-mediated degradation of DDB2. ATR identifies the damaged DNA and ensures the presence of DDB1 in the nucleus through DET1 for the degradation of DDB2. DET1 degradation also occurs along with DDB2 in a CUL-DDB1-dependent manner. Overexpression of DDB1A and DDB2 in Arabidopsis was reported to enhance the UV-C tolerance (Molinier et al., 2008).



Ubiquitination and nutrient deprivation stress response

The role of UPS in mitigating stress-stimulated adverse effects extends beyond the proteolysis of TFs. Availability of nutrients after germination is crucial in determining whether the seedling can transit through the post-germinative developmental checkpoint or not (Lopez-Molina et al., 2001). The RING-type E3, Arabidopsis Toxicos EN Levadura6 (ATL6 and ATL31), are involved in the regulation of 14-3-3 proteins. The 14-3-3, are conserved regulatory proteins in eukaryotes involved in a multitude of signaling processes. Overexpression of 14-3-3χ protein, a target of ATL31 ubiquitin ligase, results in hypersensitivity to C/N stress (Sato et al., 2011; Maekawa et al., 2012). On this account, loss of ATL6 and ATL31 produce hypersensitivity to C/N stress, while over-expression of ATL6 and ATL31 rendered plants insensitive to C/N stress such that these transgenic plants were able to bypass early checkpoints despite the stress conditions (Sato et al., 2009). Importantly, C/N stress-induced accumulation of 14-3-3χ is observed in wild-type seedlings but not in atl6atl31 seedlings, suggesting that ATL6/31 mediates the turnover of 14-3-3χ under non-stress conditions and degradation is prohibited during exposure to C/N stress.

Plants adapt to nitrogen-limiting conditions by redistributing nitrogen content from older to younger, actively growing organs and increasing the accumulation of anthocyanins (Kant et al., 2011). The adaptive response of plants to low nitrogen is facilitated by the presence of Nitrogen Limitation Adaptation (NLA), a RING-type ligase (Peng et al., 2007).



Ubiquitination in ABA-mediated stress response

Drought, cold, and salinity stress-activated signal transduction pathways share several related components that are linked with the ABA-mediated stress response and are regulated in a UPS-dependent manner. ABA is an important plant hormone that controls vital cellular and physiological responses in development and abiotic stresses. As a negative regulator of growth and development, ABA promotes dormancy, regulates seed maturation to ensure germination only under growth-promoting conditions, and suspends growth in seedlings exposed to stresses. ABA also mediates protective responses that mitigate the stress-induced damage in mature plants (Finkelstein et al., 2002; Himmelbach et al., 2003). ABA-dependent regulation of stomatal closure in response to water deficiency is a typical example of protective responses of ABA in plants to prevent excessive water loss.

Stresses stimulate ABA biosynthesis, which signals the expression of hundreds of ABA-responsive genes. ABA-responsive TFs, like basic leucine zipper (bZIP), alter gene expression by interacting with ABA-regulatory elements (ABRE) in the promoter region of stress-responsive genes (Hattori et al., 2002; Narusaka et al., 2003). UPS-mediated regulation of ABA signaling is achieved by modulating the stability of ABRE-binding TFs (Figure 5). ABA promotes the accumulation of short-lived bZIP TF Abscisic Acid Insensitive 5 (ABI5), which serves as an early developmental checkpoint for the growth of young seedlings under adverse conditions (Uno et al., 2000; Lopez-Molina et al., 2003). The abundance of ABI5 is regulated by Keep on Going (KEG), a trans-Golgi network/cytosol localized RING E3, which directs ubiquitination and degradation of ABI5 (Stone et al., 2007). Under non-stress conditions, KEG maintains low levels of ABI5 in the cytosol, which prevents the accumulation of ABI5 in the nucleus and attenuates ABA signaling to ensure seedling establishment. Conversely, elevated levels of ABA accelerate self-ubiquitination and degradation of KEG, which leads to the ABI5 stabilization and promotion of ABA responses. This suggests a feedback loop-like mechanism for ABI5 and KEG-mediated ABA signaling. Other bZIP TFs, like ABRE-binding factor 1 (ABF1) and ABF3, also serve as potential substrates for KEG.
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FIGURE 5
 UPS-mediated ABA-dependent stress signaling/tolerance in plants. Abiotic stress triggers ABA biosynthesis and accumulation. In the absence of stress conditions, the positive regulators of ABA signaling like ABA receptors and TFs are maintained in a repressed state to inhibit ABA signaling and thus the expression of ABA-responsive genes. This is largely achieved through numerous E3 ligases that differentially modulate the turnover of ABA receptors and SnRKs, as these are major effectors of ABA responses. SIZ1-mediated SUMOylation opposes KEG-mediated degradation of ABI5 to maintain moderate ABI5 levels under no stress conditions. Auto-ubiquitination and degradation of KEG under-enhanced ABA levels stabilize ABI5. Upon ABA accumulation, ABA binds its receptors, which together capture PP2C in a ternary complex to release PP2C imposed inhibition of SnRKs. PP2Cs also serve as targets for E3 ligases. Fully activated SnRKs then induce ABI3 activity, which turns on ABI5 functions. Other TFs like ABFs are also activated in the same manner. SnRKs also activate ROS scavenging enzymes (NADPH oxidases) and anion efflux channels (SLAC1), as well as inhibit K+ influx channels (KAT1), to mitigate ROS and osmotic effects. Attenuation of ABA signaling requires UPS-mediated turnover of ABA TFs. As mentioned above, ABI3 functions upstream of ABI5 and is degraded by AIP2, whereas degradation of ABI5 employs CUL4-based ABD1 and DWA1/2 E3 ligases. DWA1/2-mediated breakdown of ABI5 occurs via ABI5-binding protein (AFP), which recruits the co-repressor of JA signaling, TOPLESS (TPL) to ABI5, to generate a transcriptional complex that represses the expression of ABA-responsive genes.


E3 ligases, DWD-hypersensitive to ABA 1 (DWA1) and DWA2, have also been implicated in the regulation of ABI5 turnover. These are substrate-recruiting components of CUL4-based CRL and function as negative regulators of ABA signaling by targeting ABI5 for UPS-mediated degradation. Interestingly, ABI5 accumulation is observed only in ABA-treated dwa1/2 mutants, which contradicts with keg mutants that show extremely high levels of ABI5 even in the absence of ABA. Thus, it suggests that KEG may function to maintain low levels of ABI5 in the absence of ABA and abiotic stress, while DWA1/2 may function to attenuate ABA signaling so that plants can readily re-establish growth once environmental conditions improve. DWA1/2-mediated breakdown of ABI5 has been proposed to occur via ABI5 binding protein (AFP), which adds further complexity to the UPS-mediated regulation of ABI5.

UPS-regulated ABI3, an ABA-responsive B3 type TF, functions upstream of ABI5 to mediate ABA-dependent responses (Finkelstein and Lynch, 2000; Lopez-Molina et al., 2002). RING-type E3 ABI3-interacting protein (AIP2) is a negative regulator of ABA signaling and targets ABI3 for proteasomal degradation to inhibit the ABA responses. The ABA-induced abundance of AIP2 suggests that ABA promotes the turnover of ABI3 via AIP2. Studies also suggested a proteolytic regulation for ABI4, ABF2, and ABF3 TFs. ABA-dependent stabilization of ABF3 involves phosphorylation of ABF3 via SnRK2 kinase, the Open Stomata 1 (OST1). Stabilization of ABF3 in response to phosphorylation demonstrates that ABA-activated kinases are not limited to the activation of TFs, but they may also be required for stability.

Moreover, RING-type E3 ligases, such as SDIR1, AtAIRP1, ATL61, RHA2a, and RHA2b, are shown to be the positive regulators (Table 3) of ABA signaling (Al-Saharin et al., 2022). Transgenic lines over-expressing these E3 ligases are hypersensitive to ABA-induced effects and were more tolerant to drought, while mutant plants were insensitive (Zhang et al., 2007; Bu et al., 2009; Ryu et al., 2010; Li et al., 2011; Yang et al., 2020). Overexpression of SDIR1, AtAIRP1, or RHA2b enhances drought tolerance via an increase in ABA-induced stomatal closure (Zhang et al., 2007; Ryu et al., 2010; Li et al., 2011). Expression of SDIR1 is induced in response to salt and drought conditions and functions upstream of ABA-responsive TFs ABI3 and ABI5 by degrading the SDIR INTERACTING PROTEIN 1 (SDIRIP1) (Shu and Yang, 2017). Unlike the aforementioned ligases, RHA2a and RHA2b are redundant in nature and function parallel to ABA-responsive TFs ABI3 and ABI5 (Bu et al., 2009; Li et al., 2011). Drought Tolerance Repressor 1 (DOR1), an F-box component of SCF E3 ligase complex in Arabidopsis, is reported as a negative regulator of ABA-mediated stomatal closure since dor1 is hypersensitive to ABA with enhanced stomatal closure, hence improving stress tolerance. Nine cis-epoxycarotenoid dioxygenase 3 (NCED3), a key enzyme in ABA biosynthesis, is significantly upregulated in dor plants (Zhang et al., 2008). Another RING-type E3 linked to ABA biosynthesis is XERICO, whose overexpression produced ABA hypersensitive drought-resistant plants. A stronger and more sustained expression of NCED3 in XERICO, over-expressing plants upon ABA treatment, indicates that XERICO acts post-translationally to regulate ABA biosynthesis (Ko et al., 2006). Recently, novel RING-H2 types E3 in rice OsRF1, a homolog of Arabidopsis AtXerico, have been reported to elicit ABA biosynthesis and accumulation against drought. OsRF1 is also a positive player in salinity stress. A member of clade A PP2C protein family, OsPP2C09, which is a core suppressor of ABA signaling, has been identified as a potential target of OsRF1. Thus, OsRF1 confers stress tolerance in an ABA-dependent manner (Kim et al., 2022). Arabidopsis Ring Domain Ligase1 (RGLG1) and its homologs, RGLG2 and RGLG5, synchronize ABA-mediated plant responses during drought stress due to their dual but opposing behavior (Wu et al., 2016). RGLG2 signals UPS-mediated degradation of the positive regulators of drought signaling, Ethylene Response Factor53 (AtERF53) and MAPKKK18, to downregulate stress responses, whereas RGLG1 targets the repressor of drought-induced ABA signaling, PP2CA, to promote ABA-dependent drought tolerance. Upregulation of ABA signaling via RGLG1 involves ABA-mediated nuclear localization of RGLG1 by inhibiting N-myristoyltransferase 1 (NMT1), which, otherwise, myristoylate and target RGLG1 to the plasma membrane (Al-Saharin et al., 2022).



Ubiquitination in submergence stress response

Submergence gives rise to multiple stress conditions that occur simultaneously like hypoxia, decreased gaseous exchange, altered osmoticum, low transpiration, nutrient deficiency, oxidative, and salt stress (Tamang and Fukao, 2015; Fukao et al., 2019). Similarly, post-submergence plants are suddenly exposed to normoxia, photoinhibition, oxidative stress, and dehydration (Tamang and Fukao, 2015). Plants respond to transient deep flash floods through quiescence response while following escape response by rapid internodal elongation under slow progressive floods. Quiescence response involves economization of energy sources by suppressing GA signaling in brassinosteroids (BR)-dependent manner. This also involves the SUBMERGENCE1A (SUB1A) which is a member of ETHYLENE RESPONSIVE FACTOR (ERF- VII) family. The ethylene-dependent abundance of SUB1A promotes BR biosynthesis, which leads to the degradation of bioactive GAs and subsequent accumulation of DELLAs. However, SNORKEL (SKs), the antagonist of SUB1A although accumulates in an ethylene-dependent manner, downregulates BR production, which reverses the action of BR resulting in enhanced GA signaling and acquisition of escape response. There are five ERF-VII genes in Arabidopsis, two HYPOXIA RESPONSIVE ERF (HRE) genes, HRE1 (ERF73) and HRE2 (ERF71), and three RELATED TO AP2 (RAP2) genes, RAP2.2 (ERF75), RAP2.3 (ERF72/EBP), and RAP2.12 (ERF74), and all have been shown to promote submergence tolerance and oxygen deprivation. The UPS is implicated in the modulation of ERF-VII protein abundance via the N-end rule pathway. In this pathway, the constitutive cleavage of methionine from ERF-VII proteins conserved N-terminus, Met-Cys, by methionine aminopeptidases exposes cysteine, which in the presence of oxygen and NO, is oxidized by plant cysteine oxidases (PCOs), thereby producing cysteine sulfinic or cysteine sulfonic acid. Subsequent conjugation of oxidized cysteine with an arginine residue of arginyl tRNA transferases (ATEs) serves as a recognition and ubiquitination site for E3 Ub ligase, PROTEOLYSIS6 (PRT6), which signals proteasome-mediated degradation of ERF-VII proteins. While the SUB1A gene is associated with submergence tolerance in rice (Fukao et al., 2011), another APETELLA2/ETHYLENE RESPONSIVE FACTOR (AP2/ERF) type TF EREBP1 confers adaption to submergence, as well as drought in rice (Jisha et al., 2015). Another E3 Ub ligase SUMERGENCE RESISTANCE1 (SR1) in Arabidopsis has been identified as a modulator of submergence tolerance, wherein it synchronizes plant growth with stress acclimation through a switch module, including SR1-WRKY33-RAP2.2. The stress-induced phosphorylation of WRKY33 facilitates downstream activation of RAP2.2, which, in turn, induces the expression of hypoxia-related genes. Upon reoxygenation, SR1 catalyzes the ubiquitination and degradation of WRKY33, while RAP2.2 is degraded through the N-end rule pathway (Liu et al., 2021). Similarly, phosphorylation and ubiquitination negatively regulate the function and stability of nitrate reductase (NR) in normoxia (Kim et al., 2018; Fukao et al., 2019). The ubiquitin ligase, CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1), reportedly destabilizes the NR structure (Park et al., 2011). However, SUMOylation positively affects the stability of NR protein in normoxia by partitioning its subcellular location to the nucleus (Park et al., 2011; Kim et al., 2018). In the comparison of submergence-sensitive Rumex acetosa with submergence-tolerant Rhodopseudomonas palustris, plants of tolerant species showed higher expression of COP1 and nonsymbiotic hemoglobin concomitant with lower ammonia, higher nitrate, and protein concentrations even in normoxia due to post-translational suppression of NR through ubiquitination (van Veen et al., 2013).



Ubiquitination in epigenetic regulation of abiotic stresses

Although the intricate relationship between the chromatin remodeling dynamics and ubiquitin code is arduous, the epigenetic regulatory networks of histone modification play a vital role in genome stability, thereby regulating abiotic stress responses in plants. Lysine-rich histones are often ubiquitinated and play a critical role in DNA damage responses triggered in response to double-strand breaks (DSBs) due to genotoxic stresses (Mattiroli and Penengo, 2021). The H2A and H2B are the most abundant monoubiquitinated histone types and evoke an immediate response to DNA damages. Recruitment of Ub ligase RNF-8 and RNF168 at sites neighboring DSBs catalyzes K-63, K-27, and monoubiquitination of K13/15 in H2A type histones. Ubiquitinated histones then serve as docking sites for downstream repair machinery. RNF168-mediated ubiquitination of H2A is signaled by ataxia-telangiectasia mutated (ATM)-mediated phosphorylation of H2AX (H2A variant), followed by recruitment of RNF8, which catalyzes ubiquitination of H1 linker histones (Aquila and Atanassov, 2020). Studies report the implication of H2B monoubiquitination in abiotic stress tolerance in Arabidopsis and rice. For H2B ubiquitination, the Arabidopsis genome encodes two RING E3 ligases, HISTONE MONOUBIQUITINATION1 (HUB1) and HUB2, and three E2 conjugases, UBIQUITIN CARRIER PROTEIN1 (UBC1), UBC2, and UBC3 (Cao et al., 2008). The hub1 and hub2 mutants showed decreased H2B ubiquitination and increased sensitivity to salt stress. It demonstrates that H2Bub is involved in salt stress-induced microtubule depolymerization. Further, mutants showed downregulation of genes encoding for cutin and wax biosynthesis, revealing their potential function as positive regulators of drought tolerance. Consistently, the ectopic expression of AtHUB2 in transgenic cotton conferred improved tolerance to drought stress. Similarly, OsHUB2 overexpression enhanced the ABA sensitivity and drought resistance in rice, suggesting that OsHUB2 monoubiquitination positively modulates drought tolerance in an ABA-dependent manner (Ueda and Seki, 2020).




SUMOylation

Eukaryotic cells employ a variety of small polypeptides as post-translational regulators of protein function. SUMOylation is another crucial PTM in eukaryotes that redefines the fate of various proteins by altering their intra- and inter-molecular interactions. Small Ub-related protein Modifiers (SUMOs) are small polypeptides of 10 kDa, which, like ubiquitin, attach to accessible lysine(s) of target proteins through an isopeptide bond. Lysine within ψKXE/D (ψ denotes bulky hydrophobic group and X represents any amino acid) motif is the minimal consensus required for the attachment of SUMO to a lysine residue in the substrate. Nascent SUMO polypeptides have a variable C-terminal extension cleaved by SUMO-specific proteases, a prerequisite for conjugation, to generate mature SUMO proteins with a signature glycine di-peptide at C-terminus implied in isopeptide bond formation. Although SUMO peptide folds into the ubiquitin-like β-grasp fold, they share only 20% sequence identity with ubiquitin and exhibit a completely different surface charge distribution. This might be because SUMOs evolved to have functional specialization while conserving the fundamentals of covalent PTMs. SUMO is unique to have 10–30 residue N-terminal extensions associated with polySUMOylation (Geiss-Friedlander and Melchior, 2007; Srivastava and Sadanandom, 2020). This intrinsically disordered structure seems to provide enough flexibility and solvent exposure, facilitating its modification via other PTMs or its attachment to host proteins. Apart from canonical SUMOs, plants express certain atypical SUMO forms that are tissue and/or condition-specific or lack signature Gly-Gly motif at C-terminus with an unusually long N-terminus (SUMO-variant/SUMO-v). Another variant with two β-grasp folds in tandem, known as diSUMO-like (DSUL), is exclusive to cereals. The highly conserved paralogs and DSULs have been identified as the only conjugating forms, the former being the widely expressed forms directing most of the functions (Augustine and Vierstra, 2018). There are a few other ubiquitin-like proteins, such as Ubiquitin fold modifier (UFM), Related to ubiquitin 1(RUB1), and homology to ubiquitin (HUB), that primarily regulate the protein activity, subcellular localization, and protein-protein interactions. The ubiquitous presence and conservation of SUMOylation across the eukaryotes signify its crucial role in sustaining proteome functions. Yeast, C. elegans, and D. melanogaster contain only one SUMO coding gene, while higher organisms have expanded gene families with several genes. For example, the human genome has four SUMO genes while Arabidopsis has eight isoforms, of which only the expressions of SUMO1, 2, 3, and 5 have been verified (Srivastava and Sadanandom, 2020). Non-complementation of sumo1/sumo2 double mutants by SUMO3/5 suggests its non-redundant functions. However, SUMO1 and SUMO2 with 83% identity are known to complement each other. Less conserved SUMO3 and 5 share only 42 and 30% similarity with SUMO1, respectively. Constitutive expression studies of SUMO3/5, showing delayed growth and senescence-like symptoms, suggest a strict control over their expression for optimal growth in plants. No such growth defects were observed for SUMO1/2 constitutive expression. The rice genome has a repertoire of six SUMO genes (SUMO1-6). All isoforms were shown to rescue SUMO-deficient UV-sensitive pmt3Δ mutants of fission yeast. Of these, SUMO3-6 contains SUMO-acceptor site ψKXE/D, indicating their involvement in the formation of SUMO chains (Teramura et al., 2021). AtSUMO1/2 and OsSUMO1/2 are plant homologs of human SUMO2/3 (Miura et al., 2007).

Arabidopsis proteome has thousands of SUMO-target proteins suggesting SUMOylation as a major PTM like phosphorylation and ubiquitination (Augustine and Vierstra, 2018). Enhanced SUMOylation of nuclear proteins is among the most rapid response to various stresses but the precise mechanism of stress resilience through this PTM remains ambiguous. A major portion of identified SUMO substrates is nuclear proteins, such as TFs, coactivator/repressors, and chromatin modifiers, which indicate the imperative role of SUMOylation in regulating nuclear processes. For instance, SUMOylation controls nucleo-cytoplasmic trafficking of RanGAP1, its unmodified form is cytosolic, whereas modified RanGAP1 interacts with nucleoporin NUP358 (RanBP2) for its nuclear localization (Geiss-Friedlander and Melchior, 2007). The reversibility of SUMOylation is crucial for its regulatory role and is mediated by deSUMOylating proteases (DSPs). The higher number of DSPs than E3s in plants suggests that selectivity is important for SUMOylation but is critical to deSUMOylation as latter is required for the maintenance of a dynamic pool of SUMOylated and non-SUMOylated proteins to manifest the diverse responses (Augustine and Vierstra, 2018). The eukaryotic proteome is ~15–20% SUMOylated. Three major functions of SUMOylome include regulating activity and localization of individual proteins; macromolecule biosynthesis; and SUMO-mediated proteasomal degradation (Drabikowski et al., 2018; Morrell and Sadanandom, 2019). SUMOylation-directed degradation of proteins involves SUMO-targeted Ub-ligases (STUBLs) comprising a novel class of Ub ligases that recognize and ubiquitinates SUMO-tagged proteins for proteasome degradation. The STUBLs essentially interact non-covalently with polySUMOylated proteins through SUMO-interacting motifs (SIM). Notably, polySUMO chain formation is a function of SUMO E4 ligases that specifically adds multiple SUMOs to the target lysine of the desired substrate. In Arabidopsis, E4 ligases are represented by two members of PROTEIN INHIBITOR OF ACTIVATED STAT-like 1/2 (PIAL1 and 2). The STUBLs present a remarkable pathway for the regulation of protein turnover and demonstrate an important link between SUMOylation and ubiquitination.

Like ubiquitination, the SUMO-modification pathway is a three-step process catalyzed by an enzymatic cascade: E1 or SUMO-activating enzymes (SAE), E2 or SUMO-conjugating enzyme (SCE), and SUMO E3; which, respectively, activate, transfer, and conjugate SUMO to desired targets. The activation of SUMO is an ATP-dependent process and forms SUMO adenylate, releasing pyrophosphate. Further, SUMO is transferred to catalytic cysteine of E1 forming the E1-SUMO complex. Thio-esterification of SUMO to E1 is accompanied by a transesterification reaction, during which E2 is recruited to E1 UFD, which facilitates the subsequent transfer of SUMO to the internal cysteine of E2 enzymes. SUMO-conjugating enzymes are at the core of the SUMOylation pathway because they accomplish an essential link, directly or indirectly, between activated SUMO and its substrate via SUMO E3 ligases. In the former case, substrate selectivity is solely conferred by E2 enzymes, while the latter projects E3 ligases as a common interface which binds the charged SUMO~E2 complex and substrate, orienting them in a way that facilitates the discharge of SUMO from E2 to a relevant substrate. The ability of E3 ligases to hold SUMO in a closed conformation through SIM motifs helps the efficient transfer of activated SUMO to the substrate protein.

E1 is a heterodimer of SAE1/2, where SAE1 is a small subunit with two equipotent isoforms, SAE1a and SAE1b, in plants. SAE2 is a large subunit with three functional domains: the adenylation domain, an active site with conserved Cys residue, and the UFD domain. Its C-terminal contains nuclear localization signal (NLS). Although the presence of SAE1a/1b in plants has not been related to any functional significance but contains a conserved Arg16, which is the only residue that interacts with ATP in the adenylation domain (Lois, 2010). In plants, E1 enzymes offer selectivity to a certain extent by determining the specific SUMO isoforms that facilitate the entry to a particular SUMO pathway and regulate conjugation rates. A second non-canonical NLS at the C-terminus of SAE2 was also reported, which drives complete nuclear localization of SAE2, along with canonical NLS (Más et al., 2020). Proteolytic cleavage of second NLS restricts SAE2 within the cytosol. This novel PTM enables cytosolic SUMOylation and plays a definite role during seed development. The nuclear-cytosolic shuttling of E1 in plants suggests response mechanisms to various signals by modulating subcellular SUMOylation (Más et al., 2020). Arabidopsis has a single AtSCE1a gene while rice contains two E2s, OsSCE1, and OsSCE3 with contrasting roles in drought stress.

Plants have three types of SUMO E3 ligases: the SAP AND MIZ1 DOMAIN-CONTAINING LIGASE (SIZs); the METHYL METHANESULFONATE-SENSITIVITY PROTEIN 21 (MMS21s); and the PROTEIN INHIBITOR OF ACTIVATED STAT-LIKE (PIALs). The most conserved domain of SUMO E3 ligases is SIZ/PIAL-RING (SP-RING), flanked by the SP C-terminal domain (SP-CTD). It activates the E2~SUMO thioester bond for subsequent transfer reaction. SP-RING selectively establishes interaction with E2, while SP-CTD interacts with SUMO in a SIM-like manner to hold SUMO in a closed conformation. SP-RING domain displays similarities with α/β fold of RING and U-box domain of Ub-E3 ligases. In addition, SIZ1 and PIAL1/2 harbor domains and sequence motifs that mediate protein-protein interactions (PPI). The Plant HomeoDomain (PHD) is unique to plant SUMO ligases. It is required for SUMO-modification of global transcription factors E3 (GTE3) and helps in SUMOylation activity of SIZ1. SUMO E3 ligases, particularly SIZ1 and PIAL1/2, also contain SUMO-binding motifs and NLS. SIM motif of PIAL1/2 is associated with polySUMO chain assembly. Plant SIZ1 also possesses a valine-proline CONSTITUTIVE PHOTOMORPHOGENESIS PROTEIN 1 (VP COP1) binding motif, through which it physically interacts with the substrate binding pocket of Ub E3 ligase COP1, which is a point of integration of SUMOylation and ubiquitination (Jmii and Cappadocia, 2021). SIZ1 ligases are highly pleiotropic regulating multitudes of plant processes related to growth, development, reproduction, phytohormone signaling, and stress responses. MMS21 has been majorly associated with DNA damage responses, cell cycle regulation, and regulation of 26S proteasome activity. PIAL1 and 2 regulate transcriptional silencing and salt stress responses. Interestingly, knockout mutants of pial1 and pial2 showed improved salt tolerance with better PSII activity and higher biomass and displayed a greener phenotype (Jmii and Cappadocia, 2021).

Although reversible SUMOylation machinery in plants is conserved, it has a variable number of enzyme proteoforms with plant-specific functions. The expansion of the SUMO system in plants suggests the acquisition of novel functions by the SUMO-modification system during evolution. Factors instrumental to the specificity of SUMOylation remain enigmatic because of limited information about the components. Our current understanding regarding the mechanism of SUMOylation relies largely on a single universally conserved E2 and countable E3 ligases. This contrasts with Ub-system, in which substrate selectivity and specificity are majorly conferred by diverse E2-E3 combinations. Unlike Ub E2 enzymes that strictly rely on E3 ligases for exquisite substrate selectivity, SUMO E2s are less reliant on E3 ligases. Rather, they can directly engage substrates with canonical SUMOylation motifs to direct the transfer of SUMO to a lysine residue in substrates. Nevertheless, SUMO ligases are essential for attaching SUMO to non-canonical motifs, thereby, expanding the substrate repertoire of SUMOylation (Gareau and Lima, 2010; Jmii and Cappadocia, 2021).

The cellular balance of SUMOylation and deSUMOylation is fine tuned by the action of E1-E2-E3 cascades and SUMO proteases, respectively. The downstream effect of SUMO-modification is, in part, mediated by effectors containing hydrophobic core possessing SUMO-interacting/binding motifs (SIM/SBM) surrounded by acidic and/or Ser residues. SIM/SBM harboring substrates through intramolecular interactions induce post-modification conformational changes. A non-covalent interaction between the modifier and its substrate adds specificity to the overall system since this interaction allows the substrate to select its cognate SUMO paralog. Functional consequences of SUMOylation imply critical PPIs that alter the conformation of modified target or change protein surface by exposing and/or masking interaction interfaces thereby facilitating or inhibiting trans-proteome interactions.

Signals that induce alterations in SUMOylome to regulate the structure, location, activity, solubility, stability, interaction profile, and PTM crosstalk of individual SUMO substrates allow reprogramming of cellular metabolism, signaling, gene expression, and chromatin remodeling to synchronize the physiological responses. It suggests the significance of SUMOylation in life-sustaining processes, such as cell division and proliferation, chromatin and epigenetic regulation, maintenance of nuclear integrity and transcription, differentiation and stemness, senescence, and stress responses.


SUMOylation and abiotic stress responses

SUMO proteases have a vital role in regulating plant stress responses by balancing the cellular levels of SUMOylated and non-SUMOylated proteins. Mutational studies presented a paradigm that SUMOylation regulates multiple facets of plant biology predominantly through transcriptional regulation of gene expression. Arabidopsis mutants defective in SUMO1/2, SAE, and SCE showed embryonic lethality, while ligase- and protease-deficient mutants had physiological and developmental defects. For example, the mutated AtSIZ1, a SUMO Ligase, resulted in compromised tolerance to cold and drought, early flowering, and phosphate starvation symptoms (Ghimire et al., 2021). Hyper-SUMOylation under acute heat, cold, high salinity, drought, oxidative stress, and nutrient deficiency marks the conserved SUMO stress response (SSR) in plants (Miura et al., 2005; Catala et al., 2007; Chen et al., 2011; Ghimire et al., 2020; Roy and Sadanandom, 2021; Han et al., 2022). SIZ1-mediated SUMOylation positively responds to salt and drought-induced osmotic stress; enhances metal stress tolerance and light signaling; and regulates N, P, and ROS homeostasis in plants (Fang et al., 2022). SUMOylation regulates heat stress positively at transcriptional, post-transcriptional, and translational levels. Heat shock triggers SSR, which promotes mass movement of SUMO1/2 from the cytoplasm to the nucleus. Elevated temperature results in the accumulation of unfolded proteins, which requires activation of unfolded protein response (UPR). In Arabidopsis, under normal conditions, a co-chaperon in UPR, BAG7, and a TF, bZIP28, remains associated with AtBiP2 in the ER membrane. Heat-shock-induced accumulation of unfolded protein signals SUMOylation, BiP2 dissociation, and nuclear translocation of BAG7, where it associates with nuclear TF, WRKY29, to activate transcription of stress-responsive chaperons. At the same time, dissociated bZIP28 moves to the nucleus and causes induction of BiP3 gene expression by UPR. SCE1-mediated SUMOylation of DREB2A enhances its stability, which then binds to DRE-elements for inducing transcription of stress-responsive genes (Han et al., 2021, 2022) (Figure 4A). SUMO1 conjugation represses expression of heat-shock TF, AtHSFA2, during the recovery phase, and on second exposure to heat-shock, it gets deSUMOylated, inducing expression of heat-shock proteins. AtHSF2 SUMOylation and deSUMOylation provide a primary response to heat shock until the plant stabilizes its response and acquires thermotolerance (Cohen-Peer et al., 2010). Another aspect of plants' response to heat is thermomorphogenesis, during which plant undergoes elongation growth to enhance cooling effects. AtSIZ1-dependent SUMOylation of Ub-E3 ligase COP1 stimulates SIZ1 and HY5 degradation and PIF4 stabilization. While COP1 activity is essential for transducing high-temperature signals, SIZ1 amplifies stress signals through this feedback loop. Elevated PIF4 levels enhance thermomorphogenesis and inhibit SNC1-dependent autoimmunity. Thus, SIZ1 has mutually dependent roles in modulating growth and defense at elevated temperatures (Hammoudi et al., 2018).

Cold, salinity, and drought-related genes are mainly under transcriptional control of DREB TFs. DREB binds to DRE/CRT cis-elements to activate their target gene expression. Low temperature induces SUMOylation of ICE1 at K393. SUMO-ICE1 induced overexpression of DREB1/CBF3 leads to activation of CBF regulon and provides cold acclimatization. Also, SUMO-ICE1 counteracts the action of HOS1, which catalyzes polyubiquitination and proteasomal degradation of ICE1 (Figure 4B). Moreover, SUMO-conjugated ICE1 represses MYB15 (R2R3 MYB TF) expression, which, although induced by cold stress, is a negative regulator of CBF genes (Roy and Sadanandom, 2021). ICE1 is a pioneer of the cold signaling pathway in plants. ICE1-dependent induction of CBF expression involves interplay between GA and JA signaling. At optimal temperatures, JAZ, a repressor of JA signaling, remains associated with ICE1 to suppress CBF expression activation. However, low temperatures increase the ICE1 levels and activity through the accumulation of DELLA, the negative regulator of GA signaling, which binds JAZ to release ICE1. Consequently, the elevation in CBF gene expression reinforces DELLA accumulation, which, in turn, releases more JAZ-bound ICE1. Therefore, CBF3 and DELLA show mutual regulation to modulate plant growth under stress. CBF is an upstream transcriptional activator of cold-responsive (COR) genes. Studies report that MeJA also contributes to the upregulation of CBF signaling by degrading JAZ. Also, DELLA interacts with JAZ to uplift JAZ-mediated inhibition of MYC2 TF, which is a positive regulator of JA signaling and enhances CBF gene transcription by binding ICE1 (Zhou et al., 2017; Ritonga and Chen, 2020). Brassinosteroids also impart basal freezing tolerance, as well as cold acclimatization, without retarding the plant growth. BR-deficient mutants showed repression of 6% of COR genes majority, which all were CBF controlled. BIN2 phosphorylates CESTA (CES) to prevent its SUMOylation. CES, a close homolog of BRASSINOSTEROIDS ENHANCED EXPRESSION1 (BEE1) and BEE3, is a bHLH TF, whose abundance, activity, and subnuclear localization are BR-regulated. BR, upon binding with its receptor BRI1, activates BR signaling to repress BIN2 activity, promotes SUMOylation (K72), and translocates CES to the nucleus to induce COR gene expressions in CBF-dependent, as well as in CBF-independent, ways. In CBF-dependent expression of COR genes, CES has been shown to bind G-box motifs in CBF promoters (Eremina et al., 2016).

Srivastava et al. (2017) demonstrated the role of rice SUMO proteases (OsOTS1) in the mitigation of drought. OsOTS1 regulates the activity of OsbZIP23 and confers drought tolerance in an ABA-dependent manner. When sufficient hydration prevails, OsOTS1 interacts and maintains the deSUMOylated state of OsbZIP23. Drought-induced ABA accumulation promotes OsOTS1 degradation and OsbZIP23 SUMOylation, which positively regulates the expression of drought tolerant genes. OsOTS1 is also known to deSUMOylate and facilitate the degradation of DELLA proteins. Hyper-SUMOylation, followed by water-stress-mediated turnover of OTS1 proteases, results in the accumulation of rice DELLA proteins, SLR1, which impedes plant growth (Srivastava et al., 2017). OsSCE1 and SCE2 also contribute to drought tolerance but have opposing effects. Over-expression of OsSCE1 leads to hypersensitive phenotype, while OsSCE2 overexpression led to improved drought tolerance. In Arabidopsis, genome-wide expression analysis revealed that 1,700 genes are induced under desiccated conditions, and SIZ1 regulates the expression of ~300 drought-induced genes through DREB2A and ABA-independent pathways. Such genes encode enzymes of anthocyanin biosynthesis and jasmonate signaling. This is consistent with the role of anthocyanin in the ROS detoxification pathway (Catala et al., 2007). Epistatic relations between AtSIZ1 and AtOTS1/2 have been shown to modulate stomatal closure and osmotic stress responses in Arabidopsis (Castro et al., 2016). Mutants, defective in AtSIZ1, exhibit reduced stomatal aperture, improved drought tolerance, and ABA hypersensitivity. Stomatal closure-dependent drought resistance is an effect of SA-induced ROS production, while ABA hypersensitivity is due to inhibition of SIZ1-mediated ABI5 SUMOylation. In the former case, the phenotype was complemented by exogenous treatment with salicylhydroxamic acid (SHAM) and azide but the application of NADPH oxidase inhibitor had no effect. It was inferred that SA accumulation and peroxidase-catalyzed ROS production are responsible for the siz1 phenotype. Thus, it can be concluded that SUMO E3 ligase, SIZ1, modulates endogenous SA levels to regulate stomatal closure and drought tolerance. Notably, these effects are independent of ABA. Also, SIZ1-mediated SUMOylation of ABI5 has negative effects on ABA signaling (Miura et al., 2013). Similar to SIZ1, MMS21 is a negative regulator of ABA-dependent drought responses. Recent studies on Malus domestica evidenced the implication of SUMOylation in regulating DREB2A stability as a critical determinant of drought tolerance. Interestingly, it was reported that drought tolerance in apples involves a complex network of increased and reduced levels of SUMOylation and ubiquitination, respectively, where SUMOylated MdDREB2A serves as a target for RNF4-mediated ubiquitination and degradation (Li et al., 2022). Pepper dehydration-responsive homeobox1 domain (CaDRHB1) TF serves as a positive regulator of the desiccation stress response. The stability of CaDRHB1 is enhanced by CaDRHB1-interacting SIZ1 (CaDSIZ1) mediated SUMOylation under drought conditions by positively regulating ABA signaling and drought tolerance (Joo et al., 2022). AUXIN RESPONSE FACTOR7 (ARF7) plays a central role in hydropatterning, regulated by SUMOylation and deSUMOylation to modulate lateral root development. On the airside of the root, lateral root growth is suppressed due to ARF7 SUMOylation that facilitates its interaction with indole-3-acetic acid repressor via SIM motifs. Consequently, it inhibits ARF7 transcriptional activity and, hence, leads to activation of downstream-acting auxin-responsive genes. Root exposed to water has denser lateral roots to aid the water uptake. This happens when ARF7 is maintained in a non-SUMOylated state, likely, by the action of OTS1 proteases that promotes transcriptional activation of ARF7 target genes to stimulate lateral root formation (Roy and Sadanandom, 2021).

Likewise, SUMOylation affects the plants' responses to salinity. This is mediated by modifying transcriptional activity of an R2R3-MY-type TF, MYB30, which is known to regulate several other developmental, hormonal, and stress signaling and is subject to multiple PTMs. For example, S-nitrosylation of MYB30 consequently hampers its DNA binding ability; its activity is switched off following an initial stress response. Here, AtSIZ1-mediated SUMOylation of MYB30 at K283 leads to the expression of Alternative oxidase 1a (AOX1a), which subsequently activates cyanide-resistant respiration to restore cellular redox homeostasis to provide salt tolerance (Gong et al., 2020). AtOTS1/2 proteases govern plant growth under salinity stress. Increased levels of SUMO1/2 conjugated certain target proteins are also critical for retarding growth to tolerate stress. Therefore, OTS1/2 not only enhances salt tolerance but also balances plant growth and survival under stressful conditions (Conti et al., 2009). Salt tolerance in rice involves homologs of Arabidopsis AtOTS1, but unlike AtOTS1, salt stress signals OsOTS1 degradation, which leads to accumulation of SUMO conjugates and eventually restraints growth through a common mechanism of SUMOylation-dependent abundance and stabilization of DELLA repressors. Salt resistance conferred by OsOTS1 is attributed to two interrelated mechanisms: regulation of gene-encoding components of the antioxidant system; and their activation by deSUMOylating enzymes, such as peroxidases and dismutases (Srivastava et al., 2016). SUMOylation also plays a significant role in nutrient acquisition and deficiency responses. Phosphorus, a macroelement, is available as inorganic phosphorous (Pi) in soil. Its low diffusion rates and fixation as organic complexes pose nutritional stress and affect the normal physiology of the plant. SUMOylation is instrumental in regulating the Pi homeostasis in plants. The SIZ1 is reported to control phosphate deficiency-induced responses in Arabidopsis and rice. The primary root tip in Arabidopsis can inherently sense local Pi concentrations irrespective of the internal Pi levels in the plant. Under Pi deficit condition, root tip cells experience progressive loss of meristematic activity, causing determinate root growth. This response was even aggravated in T-DNA insertional mutants of siz1, which also displayed lateral root development during Pi deprivation. SIZ1 was assumed to exert its regulatory influence on root system architecture in an auxin-dependent manner. Augmented growth of root hair number and length is also a well-characterized Pi-deficient adaptive response in Arabidopsis. The further analysis illustrated the negative impact of SIZ1 on auxin distribution patterns. Rice homolog of AtSIZ1, OsSIZ1, partially rescued the siz1 mutant phenotype, while stimulated uptake of Pi observed in creeping bentgrass (Agrostis stolonifera) overexpressing OsSIZ1 suggests the possible implications of OsSIZ1 in the regulation of various root traits during Pi deficiency. Interestingly, Pi-deprived rice plants, having a more complex root system, showed significant stimulation in primary root growth and length of adventitious roots. Although auxin-signaling components, OsARF12 and OsARF16, are known to modulate Pi-deficiency-induced auxin-dependent root development responses, their dependence on SIZ1 is unexplored. These adaptive morphophysiological responses are the result of differential regulation of phosphate starvation responsive (PSR) gene expression by SIZ1. Some PSR genes like Atpht1/4, AtRNS1, and AtIPS1 identified in Arabidopsis are shown to be involved in Pi acquisition, mobilization, and target mimicry, respectively. AtG3Pp1 encodes for a putative organic P transporter whose expression is regulated by Pi availability in soil. SIZ1 induces the expression of AtRNS1 and AtIPS1 under Pi deficiency, while downregulating Atpht1 and AtG3Pp1 under optimal Pi concentrations, suggesting that SIZ1-dependent SUMOylation has stimulatory, as well as inhibitory, effects on the expression of PSR genes (Datta et al., 2018). Transcriptional activation of PSR genes is controlled by PHR1 (MYB TF), which binds to the PHR1-specific binding sequence (P1BS) found in the promoter region of PSR genes. SIZ1-mediated PHR1 SUMOylation at K261 and K372 residues stabilize the TF, resulting in increased abundance and DNA-binding activity of PHR1, thereby inducing target genes to exert adaptive changes in response to Pi starvation (Roy and Sadanandom, 2021). Rice PHR1-related TF, OsPHR2, is the major regulator of PSR genes and maintains cellular Pi homeostasis. OsSIZ1-modulated SUMOylation state of OsPHR1 drives the differential regulation of PSR genes under variable Pi regime (Datta et al., 2018). SUMOylation also facilitates coping with Fe deficiency. Differential regulation of stress-responsive genes through SUMOylation is mediated by the stabilization of upstream TFs. In apple, MdSIZ1 is known to directly SUMOylate and stabilize MdbHLP104 TF, which promotes Fe-responsive gene transcription. Resistance toward Al toxicity is acquired through activation of Al-resistance genes that are under transcriptional control of C2H2-type TF, STOP1. SUMOylation of STOP1 confers stability and stimulates the expression of target genes (Han et al., 2021). Excessive Cu2+ accumulation disrupts ROS homeostasis, which leads to toxicity. High Cu2+ level tolerance involves SUMOylation and deSUMOylation. To achieve optimal Cu2+ levels, plants precisely regulate the Cu2+ uptake, translocation, efflux, and sequestration. Related studies suggest that plant response to Cu2+ toxicity is a fine balance of SIZ1-mediated SUMOylation and OTS1-mediation deSUMOylation, which help plants to acquire Cu2+ homeostasis and tolerance (Zhan et al., 2018). SIZ1-mediated SUMOylation of NR NIA1 and NIA2 facilitate nitrogen assimilation, thereby, affecting overall growth and development in Arabidopsis (Datta et al., 2018).




Conclusion and future perspectives

Every organism undergoes differential reprogramming in response to various stresses and generates appropriate responses at the biochemical/cellular/organ/organism level. Being the workhorses of the cell, proteome organization is the foremost system to get amended upon the perception of stress stimuli. Changes in membrane integrity, ion fluxes, and osmotic potential are the primary physiological disruptions observed under various stresses. To realize the stress type and generate the respective response, the cell implements exclusive and extensive rearrangements at omic (proteome, genome, transcriptome, proteome, ionome, interactome, etc.) levels. Early responses are pivotal to confer immediate-early protection and largely manifest rapid, transient, and dynamic changes in proteome architecture. This eventually stabilizes the otherwise repressed stress-responsive factors through active inhibition/activation/elimination of upstream regulators, which subsequently modulates gene expression profile to initiate long-term acclimation responses. The tolerance of plants to abiotic stress(es) is a complex phenomenon composite of manifold adaptive responses and synchronized operation of multiple signaling pathways simultaneously. A certain degree of overlap in the context of common elements that serve as PTM hotspots and function as switch boxes is crucial for such coordination and mediates the functional crosstalk in a stimulus-specific manner. Cross-modifications of catalytic machinery by distinct PTMs in the dialog are the alternative methods to mediate their crosstalk to respond to stress stimuli. Moreover, feedback mechanisms are also a part of the stress signaling network that regulates the intensity and duration of stress responses, thereby enabling plants to restore homeostasis.

We reviewed the role of ubiquitination and SUMOylation as covalent protein modifications in plants' immunity against abiotic stresses. Molecular mechanisms and enzymatic machineries underlying these modifications have been well-elucidated in eukaryotes, although prokaryotes have a UPS-like degradation system but lack SUMO proteins. The evolution of SUMOylation in eukaryotes suggests the expansion of ubiquitin-like modifications from a mere protein degradation unit to the regulators of virtually all aspects of protein functions. It is in agreement with the increasing complexity of eukaryotes. Although there is a striking similarity between ubiquitination and SUMOylation mechanism, as both are lysine residue modifiers and utilize concerted action of three enzyme systems, these PTMs often modify the same or different lysine residue(s) on single and/or multiple substrates and mutually regulate each other. It is quite likely that the dynamic addition of Ub and SUMO on the same protein might have opposing consequences, where the former usually accelerates the protein turnover, while the latter leads to stabilization, thus promoting the function of the target protein(s). This is not always the case; evidence supporting the complementary, as well as independent functions, has also been reported. For instance, (de)ubiquitination, apart from proteolysis, also codes for non-proteolytic functions during various developmental and stress signaling.

UPS has mainly evolved as a major protein degradation pathway in eukaryotes but underwent a massive gain-of-function and positive selection, committing ubiquitin-dependent processes to novel cellular functions. The conservation status of the ubiquitin modification system and its considerable expansion in higher organisms is consistent with its widespread role in regulating critical biological processes in the plant. SUMOylation evolved as a critical transcriptional modulator in plants due to its role in the regulation of a large complement of TFs and primarily controls their subcellular localization, stability, and interaction affecting chromatin association ability. Thus, group SUMOylation of multiple substrates facilitates their association to form functional protein complexes due to the enhanced SUMO-SIM interactions. Largely acting as a synergist or antagonist partner of ubiquitination, SUMOylation often cooperates or competes with the latter for similar targets to either support or defy each other's effect. STUBLs have emerged as exclusive crosstalk agents between SUMOylation and ubiquitination and specifically define substrates for the latter through SIM-mediated interpretation of SUMOylation on common substrates. Interestingly, STUBLs catalyzed SUMO-Ub hybrid chain formation is also reported to mark proteins as degrons. Ubiquitination and SUMOylation-mediated regulation of COP1 Ub ligase activity represent a classic example of their interdependent behavior. COP1 is a negative regulator of photomorphogenesis that ubiquitinates and signals positive regulators of photomorphogenesis for degradation in dark conditions. SIZ1 catalyzes SUMOylation of COP1 at K193 to enhance its trans-ubiquitination activity but has no effect on its abundance, dimerization, and translocation state, indicating that COP1 activity is only partly regulated by SIZ1. SUMOylation also facilitates the COP1 mediated degradation of ubiquitinated SIZ1, which suggests a positive regulation integrated negative feedback mechanism for mutually dependent functions of COP1 and SIZ1 ligases. Light-induced SUMOprotease-mediated deSUMOylation of COP1 and photoreceptor-mediated nuclear exclusion of COP1 lead to the stabilization of photomorphogenic factors, which activate light-responsive genes involved in photomorphogenic development in plants. Moreover, ubiquitination and SUMOylation cooperate with phosphorylation to form a tripartite regulatory network. This can be understood by their co-regulation of BR signaling where the transcription activator of BR responsive genes, BZR1, is targeted by all three PTMs to switch on and off BR responses under growth and stress conditions. BZR1 is phosphorylated by BIN2 for subsequent proteasomal degradation. SUMOylation counteracts the effect of phosphorylation and stabilizes BZR1 for activation of BR-responsive genes. However, salt stress-induced downregulation of BR responses is triggered by destabilization and accelerated degradation of phosphorylated BZR1. It is a consequence of the cytosolic accumulation of ULP1a/ELS1 SUMO protease, which deSUMOylates BZR1 and enhances its affinity for BIN2 phosphorylation and ubiquitin-dependent degradation (Han et al., 2021).

Ubiquitin and SUMOs, as well as their catalytic modules, have been considerably characterized, yet their potential substrates and downstream interacting partners are still enigmatic and need further investigations to decipher the molecular mechanisms. This will help to individually and/or holistically understand the operative signaling networks during various abiotic stresses to manifest abiotic stress tolerance in plants. This review will help to comprehend the importance of protein modifying enzymes as potential targets for bioengineering to accelerate the development of stress-tolerant plants in the future.
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