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Abstract: Post-translational modifications play a fundamental role in regulating protein function and
stability. In particular, protein ubiquitylation is a multifaceted modification involved in numerous
aspects of plant biology. Landmark studies connected the ATP-dependent ubiquitylation of substrates
to their degradation by the 26S proteasome; however, nonproteolytic functions of the ubiquitin (Ub)
code are also crucial to regulate protein interactions, activity, and localization. Regarding proteolytic
functions of Ub, Lys-48-linked branched chains are the most common chain type for proteasomal
degradation, whereas promotion of endocytosis and vacuolar degradation is triggered through
monoubiquitylation or Lys63-linked chains introduced in integral or peripheral plasma membrane
proteins. Hormone signaling relies on regulated protein turnover, and specifically the half-life of
ABA signaling components is regulated both through the ubiquitin-26S proteasome system and the
endocytic/vacuolar degradation pathway. E3 Ub ligases have been reported that target different ABA
signaling core components, i.e., ABA receptors, PP2Cs, SnRK2s, and ABFs/ABI5 transcription factors.
In this review, we focused specifically on the ubiquitylation of ABA receptors and PP2C coreceptors,
as well as other post-translational modifications of ABA receptors (nitration and phosphorylation)
that result in their ubiquitination and degradation.

Keywords: abscisic acid; ABA receptor; clade A PP2C; E3 ubiquitin ligases; PYR/PYL/RCAR; RBR
E3 ligase; CRL3; CRL4; RING E3 ligase; PUB E3 ligase

1. Introduction

The Ub-26S proteasome (UPS) and vacuolar degradation pathways play fundamental
roles in the regulation of protein half-life and control of protein homeostasis in plant
cells [1–3]. In particular, plant response to abiotic stress is modulated by a myriad of UPS
components as well as non-26S proteasome endomembrane trafficking pathways [4–7]. The
UPS first catalyzes the attachment of Ub molecules to selected targets, and this promotes
their degradation by the multiprotease 26S proteasome complex [2]. The E1 (Ub-activating
enzyme, UBA), E2 (Ub-conjugating enzyme, UBC), and E3 (Ub ligase) cascade is involved
in conjugating Ub to substrate proteins [2,7]. The Arabidopsis genome contains 2 UBAs,
37 UBCs, and more than 1400 E3 ligases, which are divided in monomeric (HECT, RING,
RBR, U-box type E3s) and multimeric E3 ligases [7]. These latter E3s are assembled
using Cul1, Cul3a/3b, or Cul4 scaffold proteins, which bind the RING box-1 (RBX1)
protein for recruitment of the E2 UBC in the cullin (CUL)-RING E3 ubiquitin ligase (CRL)
complex. Additionally, multimeric CRLs require substrate adaptors for recognition of
the target proteins. Cul1-based E3 complexes are usually referred to as SCF (for SKP1-
Cullin-F box), whereas Cul3- and Cul4-based complexes are known as CRL3 and CRL4,
respectively. On the other hand, the endosomal trafficking pathway plays a key role in
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the turnover of membrane proteins and requires components of the endosomal sorting
complex required for transport (ESCRT) machinery, such as the FYVE domain-containing
protein 1 (FYVE1)/FYVE domain protein required for endosomal sorting 1 (FREE1) and
vacuolar protein sorting 23A (VPS23A) members of the ESCRT-I complex, and ALG-2
interacting protein-X (ALIX) associated protein of ESCRT-III. In this review, we focused
on protein homeostasis of ABA receptors and PP2C coreceptors, as well as E3 ligases and
ESCRT components involved in the regulation of their turnover (Tables 1 and 2).

Table 1. List of E3 ligases and substrate adaptors of multimeric enzymes that target ABA receptors and clade A PP2Cs.
When known, the subcellular localization of the E3 ligase is indicated (PM, plasma membrane). In two cases, the cognate E2
is included in parenthesis.

E3 Ligases_Substrate Adaptor Localization Targets Reference

RSL1 PM PYR1/PYL4 Bueso et al., 2014

CRL4_DDA1 nucleus PYL8/PYL9 Irigoyen et al., 2014

APC_TE (rice) nucleus OsRCAR10 Lin et al., 2015

SCF_RIFP1 nucleus PYL8/RCAR3 Li et al., 2016

PUB22/23 cytosol PYL9/RCAR1 Zhao et al., 2017

CRL4_RAE1 nucleus PYL9/RCAR1 Li et al., 2018

RFA1/RFA4 (UBC26) cytosol, nucleus PYR1/PYL4 Fernandez et al., 2020

PUB12/13 PM for FLS2 ABI1, FLS2, BRI1 Kong et al., 2015
Lu et al., 2011; Zhou et al., 2018

RGLG1/RGLG5 myristoylated
PM and nucleus PP2CA, ABI2, HAB2 Wu et al., 2016

Belda-Palazon et al., 2019

CRL3_BPM nucleus PP2CA, ABI1, HAB1, ABI2 Julian et al., 2019

PIR1/PIR2 nucleus PP2CA Baek et al., 2019

AIRP3 (UBC27) myristoylated ABI1 Pan et al., 2020

Table 2. Regulation of ABA receptors’ turnover through the endocytosis/vacuolar degradation
pathway. Some ESCRT components that mediate this process are indicated as well as the receptors
that were analyzed.

ESCRT Component ESCRT Targets Investigated Reference

FYVE1/FREE1 ESCRT-I PYR1/PYL4 Belda-Palazon et al., 2016

VPS23A ESCRT-I PYR1/PYL4 Yu et al., 2016

ALIX ESCRT-III PYL4 Garcia-Leon et al., 2019

2. Ubiquitylation of ABA Receptors

Ubiquitylation of ABA receptors was reported by Bueso et al. and Irigoyen et al. [8,9]
using affinity purification of ubiquitinated proteins with p62-agarose and immuno-analysis
of protein extracts prepared from MG132-treated plants, which expressed HA-tagged
versions of PYR1, PYL4, and PYL8. Additionally, these authors identified E3 ubiquitin
ligases that target ABA receptors in the plasma membrane (PM), namely RSL1 for PYR1
and PYL4 [8], or in the nucleus, through the multimeric CRL4 E3 ligase that uses DET1
and DDB1-ASSOCIATED1 (DDA1) as part of a substrate adaptor module for recognition
of PYL8 and PYL9 [9]. The RSL1- and CRL4DDA1-dependent ubiquitination pathways
point to two different mechanisms for receptor degradation: endosome-mediated vacuolar
degradation and 26S proteasome, respectively. What are the main features of these E3
ligases that define two pathways for receptor degradation and why should ABA signaling
be doubly regulated? The answer to this question requires an overview on the properties
of the above E3 ligases, ABA receptors, and ABA signaling.
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RSL1 is anchored tomembrane through a C-terminal transmembrane domain (TMD)
and originally was annotated as a RING-type E3 ligase [8]; however, further inspection of
the RSL1 protein reveals three putative RING domains in tandem, named as RING1-IN
BETWEEN RING (IBR)-RING2, and accordingly, RSL1 belongs to the RBR-type E3 ligase
family [10–12]. Ubiquitylation in the PM triggers endocytosis of integral membrane pro-
teins (nutrient transporters, ion channels, signaling receptors) or proteins associated to
the PM [13–15]. The turnover of ABA receptors in the proximity of the PM likely plays an
important role in regulating ABA effects on different ion and water transporters [16–18].
Upon endocytosis, ABA receptors follow sorting through the ESCRT machinery and finally
vacuolar degradation [8,19–21]. At least three components of the ESCRT machinery, namely
VPS23, FYVE1/FREE, and ALIX (Figure 1), have been involved in the transit of ubiqui-
tinated ABA receptors through the ESCRT machinery. Knock-down mutations in these
ESCRT components lead to attenuated degradation of ABA receptors and enhanced ABA
signaling [19–21]. Given that ABA receptors belong to a gene family, it is not surprising that
RSL1 also belongs to a gene family, in this case composed of at least 9 additional members,
which were named RFA1 to RFA9 for RING finger ABA-related 1-9 [8]. RFA6 to RFA9 con-
tain a TMD at the C-terminus of the proteins, which suggests they are membrane-localized
as RSL1, although their expression levels are much lower than RSL1 [11]. In contrast, RFA1
to RFA5 lack a TMD and show distinct subcellular localizations. For example, Fernan-
dez et al. [11] found that RFA1 is localized both in the nucleus and cytosol, whereas RFA4
shows specific nuclear localization and promotes nuclear degradation of ABA receptors.
Therefore, members of the RSL1/RFA family interact with ABA receptors in the PM, cy-
tosol, and nucleus, targeting ABA receptors for degradation via the endosomal/vacuolar
RSL1-dependent pathway or 26S proteasome. Thus, the complexity of the ABA receptor
family is mirrored in the partner RBR-type E3 ligases.

In addition to the PM signaling events, ABA has a dramatic transcriptional effect
(affecting approximately 10% of the plant transcriptome) mediated by ABA receptors,
such as PYL8, which can be localized in the nucleus; therefore, nuclear degradation of
ABA receptors mediated by nuclear E2-E3 ligases is a necessary feedback mechanism to
modulate the transcriptional response to ABA. A pioneering finding regarding this subject
was the discovery that CRL4 E3 ligase regulates PYL8 degradation using DDA1 as part of
the substrate adapter module, which carries out the recognition of the target protein [9].
Interestingly, the CRL4 substrate receptors DW1 and DW2 were previously reported to
mediate ABI5 degradation by CRL4 complexes [22], as well as the DWD protein named
ABD1 [23]. CRL4 ligases are complex multimeric enzymes, which are based on the CUL4
scaffold, and for example, in Arabidopsis the associated COP10-DET1-DDB1 (CDD)-related
complex has been also identified in these E3s [9]. Moreover, the DDA1 protein, as part
of the CDD complex, provides recognition of the substrate to be ubiquitinated. Using
DDA1 as bait in the yeast two-hybrid (Y2H) screen, Irigoyen et al. [9] found interaction
with PYL4, PYL8, and PYL9. Using HA-tagged PYL8 lines, it was demonstrated that
DDA1 overexpression promotes PYL8 protein degradation through the 26S proteasome
and reduces plant sensitivity to ABA. Interestingly, in the presence of ABA, the CRL4DDA1

complex cannot promote the degradation of PYL8, which suggests that ABA protects PYL8
from CRL4DDA1-mediated degradation either by affecting the CDD-DDA1 complex or by
forming PYL8 complexes with PP2Cs that are resistant to degradation. Recent structural
insights into DDA1 function as a core component of the CRL4-DDB1 complex suggest
that DDA1 might use its flexible C-terminal region to recruit substrate receptors known as
DCAF (DDB1 and Cullin4-associated factors) to facilitate substrate recruitment or modulate
the topology of the substrate-loaded CRL4 E3 complex [24].
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Figure 1. Overview of subcellular localization for E3 ligases that target ABA receptors or clade A PP2Cs showing as well 
the ESCRT components involved in transit of ABA receptors for vacuolar degradation. Targeting of ABA receptors by 
RSL1, RFA1, or RFA4 occurs at different subcellular locations. Ubiquitination of ABA receptors on the plasma membrane 
(PM) by RSL1 triggers clathrin-mediated endocytosis, transit through the early endosomes (TGN/EE), sorting of ubiqui-
tinated cargo through the ESCRT machinery (FYVE1, Vps23A and ALIX), and delivery to multivesicular bodies/late en-
dosomes (MVB/LE) and finally to vacuole for degradation. On the other hand, ubiquitination of receptors and clade A 
PP2Cs in the cytosol or nucleus leads to degradation by the 26S proteasome. Myristoylated RGLG1 and LOG2/AIRP3 are 
indicated. SCF, CRL3, CRL4, and APC multimeric E3 ligases are indicated with their corresponding targets as well as 
monomeric PUB12, 13, 22, 23, and RING-type (RGLG1, AIRP3, PIR1) E3 ligases. Adapted from [11,25,26]. 

PYL8 is a singular ABA receptor that plays a non-redundant role to regulate root 
ABA perception through a non-cell-autonomous mechanism; compared to other ABA re-
ceptors, PYL8 is unique in showing ABA-induced stabilization and predominant nuclear 
localization [27,28]. ABA signaling regulates root growth and stress recovery, and is criti-

Figure 1. Overview of subcellular localization for E3 ligases that target ABA receptors or clade A PP2Cs showing as well
the ESCRT components involved in transit of ABA receptors for vacuolar degradation. Targeting of ABA receptors by RSL1,
RFA1, or RFA4 occurs at different subcellular locations. Ubiquitination of ABA receptors on the plasma membrane (PM)
by RSL1 triggers clathrin-mediated endocytosis, transit through the early endosomes (TGN/EE), sorting of ubiquitinated
cargo through the ESCRT machinery (FYVE1, Vps23A and ALIX), and delivery to multivesicular bodies/late endosomes
(MVB/LE) and finally to vacuole for degradation. On the other hand, ubiquitination of receptors and clade A PP2Cs in the
cytosol or nucleus leads to degradation by the 26S proteasome. Myristoylated RGLG1 and LOG2/AIRP3 are indicated. SCF,
CRL3, CRL4, and APC multimeric E3 ligases are indicated with their corresponding targets as well as monomeric PUB12,
13, 22, 23, and RING-type (RGLG1, AIRP3, PIR1) E3 ligases. Adapted from [11,25,26].

PYL8 is a singular ABA receptor that plays a non-redundant role to regulate root ABA
perception through a non-cell-autonomous mechanism; compared to other ABA receptors,
PYL8 is unique in showing ABA-induced stabilization and predominant nuclear local-
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ization [27,28]. ABA signaling regulates root growth and stress recovery, and is critically
required for root hydrotropism, an adaptive response designed to facilitate soil exploration
in the search for water. Moreover, different environmental cues, such as salinity and
nutrient availability, induce root adaptations that are mediated by both ABA-dependent
transcriptional responses and effects on PM ion transporters. Regulation of root growth
by ABA is closely connected with hydrotropism, as the hydrotropic response involves
asymmetric ABA signaling in the root cortex through the PYR/PYL/RCAR-PP2C-SnRK2
core signaling pathway [29,30]. It has been recently reported that low ABA increases
(perceived in roots by certain monomeric ABA receptors asPYL8) can inhibit clade A PP2Cs
such as ABI1, which facilitates activation of SnRK2.2 and relieves inhibition of PM ATPase
AHA2 [30]. This ABA increase might occur asymmetrically in the two faces of the root,
giving rise to asymmetric H+ extrusion at an early stage of the hydrotropic response. This
determines differential root growth and likely involves selective accumulation of ABA in
the convex (facing dry soil) side of the root. Given that ubiquitylation of PYL8 is reduced
by ABA [9,28], the regulation of the turnover of important receptors for ABA signaling in
root has a deep impact on plant physiology and water stress adaptation.

From the publications of Irigoyen et al. and Bueso et al. [8,9], a number of additional
E3 ligases that target ABA receptors have been reported. Interestingly, the next discovery
was achieved in rice, where Lin et al. [31] identified the APC/C (anaphase promoting
complex/cyclosome) as a regulatory module of ABA and GA signaling pathways. The
APC/C complex contains a distant cullin member called APC2 and a RING RBX1-like
protein called APC11, and additionally the Tiller Enhancer (TE) protein that activates the
E3 complex through the recognition of different targets. Although most of the substrates
targeted by APC/C are related to the control of cell cycle progression, other substrates
are emerging. Thus, TE, which represents the Cdh1 ortholog in rice, acts as a substrate
recognition factor and targets some rice ABA receptors (OsPYLs) for degradation [31].
Specifically, TE recognizes the destruction box (D-box: RxxLxxxxN/D/E) that is present in
OsPYLs (located in the β4 sheet) and promotes their degradation by the proteasome. In
particular, recombinant OsRCAR2, OsRCAR9, and OsRCAR10 proteins were very stable
in cell-free degradation assays of te mutant plant extracts [31]. The authors focused on
OsRCAR10, which shares the highest homology to AtPYL1 and AtPYR1, and generated an
anti-R10 antibody. Thus, Lin et al. [31] demonstrated that OsRCAR10 over-accumulates
in te mutant plants, whereas the receptor protein level was reduced in TE overexpressing
lines. However, cell free degradation assays in the te mutant also suggest that besides
the APC/CTE complex, other E3 ligases are involved in the degradation of rice ABA
receptors [31].

The development of antibodies against PYL proteins enables the monitoring of the
effect of loss-of-function and gain-of-function mutants of E3 ligases on endogenous levels of
their targets. For example, other monomeric or putative subunits of multimeric E3 ligases
that interact with ABA receptors have been described in Arabidopsis [32–34]. However, a
detailed evaluation of each E3 contribution to the regulation of endogenous receptor levels
in different tissues and developmental stages has not been reported yet. For example, the
F-box RIFP1 (forming part of the SCFRIFP1 complex) interacts with RCAR3/PYL8, and in
cell-free degradation assays, His-tagged recombinant RCAR3/PYL8 was more stable in
RIFP1 background than in wild type (WT); however, endogenous RCAR3/PYL8 levels
were not analyzed in RIFP1 [33]. The DWD protein RAE1 (putative substrate receptor of
CUL4-DDB1 E3 ligase) interacts with RCAR1/PYL9, and in cell-free degradation assays,
overexpression of RAE1 leads to enhanced degradation of His-tagged RCAR1/PYL9 com-
pared to WT [32]. Altogether, these works illustrate the importance of substrate adaptors
of either SCF or CRL4 complexes to regulate the homeostasis of ABA signaling compo-
nents. Finally, the PUB22/23 U-box E3 ligases interact with PYL9 and the in vivo decay of
myc-tagged PYL9 was reduced in the PUB22 PUB23 double mutant compared to WT [34].

Recently, the availability of antibodies against PYR1 and PYL4 has enabled the analysis
of endogenous receptor levels in loss-of-function mutants impaired in the E3 ligases RFA1
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and RFA4 [11]. Thus, both PYR1 and PYL4 ABA receptors were higher in the RFA1 RFA4
double mutant than in wild-type plants. Moreover, UBC26 was identified as the cognate
nuclear E2 enzyme that interacts with the RFA4 E3 ligase, and loss-of-function UBC26 alleles
also showed higher levels of PYL4 compared to the WT [11]. These results have revealed the
presence of UBC26-RFA4-PYL complexes that mediate the degradation of ABA receptors
in the nucleus. This pathway converges, for example, with the function of the CRL4DDA1

complex, which also mediates the nuclear degradation of ABA receptors, although the
CRL4DDA1-mediated degradation of PYL8 seems to work only at reduced ABA levels. The
study of human E3 ligases has coined the concept of “E3–E3 team tagging”, which implies
that different types of E3s can act successively on a common target [35]. For example, a
reciprocal role for RBRs–CRLs has been described for cooperative ubiquitylation of the
same client substrates [35]. Therefore, chances exist for further studies on the cooperative
role played by the different E3 ligases that target ABA receptors.

3. Regulation of Ubiquitylation by Post-Translational Modifications

Mass spectrometry analysis of ABA receptors and ABA-activated SnRK2s has identi-
fied different post-translational modifications [36–38]. Such modifications seem to regulate
protein activity in a dual manner, namely by affecting biochemical function of the signaling
proteins and also by promoting ubiquitylation and protein degradation. For example,
ABA induces phosphorylation and activation of SnRK2s by B2/B3-type RAF kinases, but
as a side effect, degradation of SnRK2s in promoted by ABA [37]. Interestingly, when
phosphorylation of SnRK2s is abolished in the high-order RAF mutants (namely OK100-oct
and OK100-nonu mutants), ABA-induced SnRK2 degradation is prevented [37]. For ABA
receptors, phosphorylation usually downregulates their activity and additionally promotes
their degradation [38–40]. For example, phosphorylation of ABA receptors by Arabidopsis
EL1-like (AEL) casein kinases leads to their destabilization and the suppression of the
ABA response [39]. CEPR2 also phosphorylates and accelerates the degradation of ABA
receptors [40]; thus, the receptor-like kinase CEPR2, rather than participating in a phospho-
rylation cascade for signaling, exerts direct control of receptor activity and stability. In ABA
receptors, Castillo et al. [36] identified tyrosine nitration and S-nitrosylation at cysteine
residues. Tyrosine nitration reduced receptor activity, whereas S-nitrosylated receptors
were active and fully inhibited PP2C activity [36]. The inactivation of PYR/PYL/RCAR
receptors by tyrosine nitration is likely linked to their degradation, as those receptors with
nitrated tyrosine were also polyubiquitinated [36]. Tyrosine nitration is triggered by the
short-lived oxidant molecule peroxynitrite, combination of NO with superoxide radical,
which suggests a rapid mechanism to inhibit ABA signaling by nitric oxide, in agreement
with the ABA-hypersensitive phenotype of NO-deficient plants [41].

4. Ubiquitylation of Clade A PP2Cs in the Context of ABA Signaling

ABA receptors play a double inhibitory role on clade A PP2Cs because, in addition to
inhibiting PP2C activity, the degradation of certain PP2Cs promoted by E3 Ub ligases is
also facilitated by the formation of ternary complexes with ABA and ABA receptors [25,42].
The regulation of protein activity and stability of clade A PP2Cs is crucial in ABA signaling
because these proteins are key repressors of the pathway [43]. Thus, the ubiquitylation of
clade A PP2Cs enhanced by ABA, and ABA receptors help in the activation of the ABA
response. According to recent discoveries in the ABA pathway, we can distinguish several
steps in ABA signaling: (i) PP2C inhibition by ABA receptors in an ABA-dependent manner,
(ii) activation of subfamily III SnRK2.2/3/6 kinases (SnRK2s) by phosphorylation of B2 and
B3 RAFs at Ser171 and Ser175 residues (SnRK2.6/OST1 nomenclature), (iii) amplification
of SnRK2 activation by intermolecular trans-phosphorylation of SnRK2s by already active
SnRK2s, (iv) ABA response in the PM and nucleus through SnRK2-dependent phosphoryla-
tion of different targets and lack of PP2C inhibition on them, including ion transporters and
ABRE-binding factors (ABFs), (v) ABF-mediated induction of clade A PP2Cs as a negative
feedback mechanism that involves the accumulation of newly synthesized PP2Cs, and (vi)
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finally the resetting to basal PP2C protein levels (PP2C proteostasis). Different E3 ubiquitin
ligases play a major role for the dynamic regulation of protein levels of the above-described
components, and concerning PP2Cs, this contributes to both the activation and resetting of
ABA signaling. For other components such as ABA receptors and ABA-activated SnRK2s,
protein degradation contributes to desensitization of ABA signaling [4,44,45]. The tran-
scriptional response to ABA is strongly dependent on ABFs, which also mediate the rapid
induction of PP2Cs to modulate ABA signaling. Finally, when stress decays, E3 ligases are
critical to return clade A PP2Cs to their basal protein levels under non-stress conditions.

5. ABA- and/or Receptor-Dependent Degradation of PP2Cs

The pioneering work of Kong et al. [42] demonstrated that clade A PP2C ABI1 is
degraded by the 26S proteasome. To determine which E3 ligases target ABI1 for degra-
dation, the authors tested as putative preys in Y2H assays several candidates reported to
interact with ABI5 (such as DWA1/2 or KEG), others involved in stress response (such
as RGLG1/2 and SDIR1), and 23 plant U-box (PUB) E3 ligases. The authors found that
PUB12 and PUB13 interact with ABI1 using different assays, and peptides of PUB12 and
PUB13 could be recovered in coIP/MS proteomic analyses of immunoprecipitated ABI1.
PUB12 and 13 promote the ubiquitylation of ABI1 in a receptor-dependent manner, which
is strictly dependent on exogenous ABA for the dimeric PYR1 receptor or enhanced for the
monomeric PYL4/PYL9 receptors [42]. Using specific antibodies against ABI1, the authors
found that the ABI1 protein level was higher in the PUB12 PUB13 double mutant than
in WT, and that ABA enhanced the degradation of ABI1. PUB12 and 13 were previously
reported to ubiquitinate the receptor-like kinase FLS2 located in the PM, which mediates
flagellin-induced FLS2 endocytosis/degradation [46]. Flagellin induces recruitment of
PUB12 and PUB13 to the FLS2 receptor complex through BAK1-mediated phosphorylation
of the E3 ligases. By analogy, it is tempting to speculate that ABI1 might be ubiquitinated
by PUB12/13 in the proximity of the PM when receptor-ABA-ABI1 complexes are formed.

Since PUB12/13 do not interact with other clade A PP2Cs such as ABI2, HAB1, or
PP2CA, the identification of additional E3 ligases that target them was expected. Using the
RGLG5 RING-type E3 ligase as bait in Y2H assays, Wu et al. [47] found interaction with
PP2CA, and additionally with ABI2 and HAB2. From the five-member RGLG E3 ligase gene
family, also RGLG1 (but not RGLG2) showed interaction with PP2Cs. Specific antibodies
against PP2CA were raised using the N-terminal part of the protein as antigen. Thus, it
was demonstrated that endogenous PP2CA follows 26S proteasome degradation, which
is enhanced by ABA, and the turnover of PP2CA was markedly diminished in RGLG1
amiR-RGLG5 double mutant compared with the WT [47]. Therefore, both RGLG1/5 E3
ligases target PP2CA for degradation in an ABA-enhanced manner, but the mechanism
was unknown at the time because both RGLG1 and RGLG5 promoted ubiquitylation of
PP2CA in vitro in the absence of ABA or PYL4 [47]. In vivo analyses and subcellular
localization studies were required to unveil how ABA enhances the ubiquitylation of
PP2CA by RGLG1 [25]. First of all, myristoylated RGLG1 is localized in the PM, whereas
PP2CA is predominantly localized in the nucleus; however, ABA inhibits the myristoylation
of RGLG1 and promotes cycloheximide-insensitive translocation to the nucleus, where
RGLG1 recognizes receptor-ABA-phosphatase ternary complexes [25]. As occurs with
PUB12/13, the RGLG1 E3 ligase can interact with both PP2CA and certain monomeric
receptors, which can facilitate the recognition/ubiquitylation of the phosphatase by RGLG1.
The connection of PUB12/13 and RGLG1 E3 ligases with ternary phosphatase complexes
suggests that at least a pool of them can be recognized for PP2C ubiquitylation and
degradation [48].

Different E3 ligases can target the same substrate depending on the physiological and
cellular context, and the integration of distinctive types of E3 ligases has been reported
to act simultaneously on the same client substrates [49,50]. The affinity of different E3
ligases for their substrates, although rarely measured, can differ, and this will determine
preferential E3-substrate interactions according to substrate protein levels, which notably
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oscillate for clade A PP2Cs in response to ABA. Concerning PP2CA, several E3 ligases that
mediate its ubiquitylation have been reported [26,47,51]. Using specific antibodies against
PP2CA, both Wu et al. [47] and Julian et al. [26] showed that endogenous PP2CA levels
were increased in mutants impaired in their respective E3 ligases. Using 35S:PP2CA-HA
lines and a CHX chase assay in the presence of ABA, Baek et al. [51] showed that PP2CA
levels were increased in the PIR1PIR2 double mutant compared with the WT.

To identify proteins that coimmunoprecipitate with FLAG-PP2CA in Arabidopsis,
Julian et al. [26] performed coIP coupled to LC-MS/MS analysis and identified some
BTB/POZ and MATH domain proteins (BPMs) as interactors of PP2CA. Interestingly,
BPMs are nuclear proteins that function as substrate adaptors of the multimeric CRL3
E3 ligases. In particular, CRL3BPM complexes play a fundamental role in the stress re-
sponse and hormone signaling through the regulation of different nuclear targets [26,52,53].
PP2CA accumulates predominantly in the nucleus, although interaction of PP2CA with ion
transporters of the PM has also been reported [18,54]. BPMs are resident nuclear proteins,
whereas RGLG1 translocates from the PM to the nucleus in response to ABA; therefore,
different pools of PP2CA might be targeted by these E3 ligases depending on the ABA
concentration. In addition to the recruitment of PP2CA, BPM3 and BPM5 also recognize
other PP2Cs such as ABI1, ABI2, and HAB1. Moreover, using specific antibodies against
ABI1 and HAB1, Julian et al. [26] reported increased levels of HAB1 and ABI1 in the BPM3
BPM5 double mutant compared to WT.

Recently, the previously described LOSS OF GDU2 (LOG2)/ABA-INSENSITIVE RING
PROTEIN3 (AIRP3) E3 ligase has also been found to be involved in the regulation of ABI1
levels [55–57]. This RING-type E3 ligase is myristoylated, and its membrane localization is
important for the interaction with the amino acid exporter regulatory subunit GLUTAMINE
DUMPER1 (GDU1) [57]. However, the results of Pratelli et al. [57] do not support that
ubiquitination of GDU1 by LOG2 leads to GDU1 degradation; instead, their data suggest
that LOG2 activates GDU1 via ubiquitination, and subsequently, the activated GDU1
facilitates amino acid efflux. On the other hand, the AIRP3/LOG2 transcript is upregulated
by drought and ABA, and the AIRP3 mutant is impaired in the abiotic stress response [55].
A reasonable explanation for this phenotype could be the lack of ABI1 degradation, as
AIRP3 (in concert with UBC27) was recently reported to interact with ABI1 and promote
its degradation [56]. The subcellular localization of the AIRP3–ABI1 interaction was not
investigated [56]; therefore, it is intriguing to unveil whether AIRP3 follows a similar
mechanism to myristoylated RGLG1 and might interact with ABI1 in the PM (as the
LOG2-GDU1 interaction) or in the nucleus upon translocation in response to ABA.

6. Conclusions

Once the major components involved in the turnover of ABA receptors and PP2Cs
have been identified, translational research is feasible to improve drought resistance in
crops, for example, by extending the half-life of ABA receptors. Thus, reduced ubiquityla-
tion of ABA receptors might be achieved in (i) knock-out mutants of single or combined E3
ligases, or (ii) ubiquitylation-defective receptors, which could be mutated in certain Lys
residues that do not compromise receptor function. Such approaches might lead to longer
half-life of ABA receptors and therefore enhanced ABA signaling. For example, detailed
structural data obtained for Arabidopsis and crop ABA receptors [58] will allow the mod-
ification of certain Lys residues that do not impair ABA binding and inhibition of PP2C
activity. These mutations are amenable to genetic engineering in crops by CRISPR/Cas9
genome editing. Additionally, enhanced degradation of PP2Cs can lead to boosting of ABA
signaling and enhanced drought tolerance. This can be achieved through stress-inducible
overexpression of E3 ligases (or their substrate adaptors) that target PP2Cs. Since the
degradation of PP2Cs works in concert with the PYR/PYL/RCAR-mediated inhibition of
PP2C activity, a combined approach would have a synergistic effect.



Int. J. Mol. Sci. 2021, 22, 7103 9 of 11

Author Contributions: Writing—original draft preparation, P.L.R.; writing—review and editing,
A.C., J.J., J.L.-J., G.A.P., A.F.A., P.L.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Spanish AEI agency, grant number BIO2017-82503-R, and
King Saud University, grant DSFP 2021 to P.L.R.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ABI1 aba insensitive1
APC anaphase promoting complex
PP2Cs clade a protein phosphatases type 2c
CRL cullin-ring e3 ubiquitin ligase
FLS2 flagellin sensing 2
HAB1 hypersensitive to aba1
PUBs plant u-box type e3 ubiquitin ligases
PIR1 pp2ca interacting ring finger protein 1
RGLG1 ring domain ligase1
RSL1 ring finger of seed longevity
RFA ring finger aba-related
RBRs ring1-in between ring-ring2 e3 ubiquitin ligases
PYR1 pyrabactin resistance1
PYL pyr1-like
RCAR regulatory components of aba receptors
PP2CA protein phosphatase 2ca
SnRK2s snf1-related protein kinases

References
1. Hershko, A.; Ciechanover, A. The ubiquitin system. Annu. Rev. Biochem. 1998, 67, 425–479. [CrossRef] [PubMed]
2. Komander, D.; Rape, M. The ubiquitin code. Annu. Rev. Biochem. 2012, 81, 203–229. [CrossRef] [PubMed]
3. Romero-Barrios, N.; Vert, G. Proteasome-independent functions of lysine-63 polyubiquitination in plants. New Phytol. 2018, 217,

995–1011. [CrossRef] [PubMed]
4. Ali, A.; Pardo, J.M.; Yun, D.J. Desensitization of ABA-Signaling: The swing from activation to degradation. Front Plant Sci. 2020,

11, 379. [CrossRef] [PubMed]
5. Yu, F.; Xie, Q. Non-26S Proteasome Endomembrane Trafficking Pathways in ABA Signaling. Trends Plant Sci. 2017, 22, 976–985.

[CrossRef] [PubMed]
6. Cho, S.K.; Ryu, M.Y.; Kim, J.H.; Hong, J.S.; Oh, T.R.; Kim, W.T.; Yang, S.W. RING E3 ligases: Key regulatory elements are involved

in abiotic stress responses in plants. BMB Rep. 2017, 50, 393–400. [CrossRef]
7. Stone, S.L. Role of the Ubiquitin Proteasome System in Plant Response to Abiotic Stress. Int. Rev. Cell Mol. Biol. 2019, 343, 65–110.
8. Bueso, E.; Rodriguez, L.; Lorenzo-Orts, L.; Gonzalez-Guzman, M.; Sayas, E.; Munoz-Bertomeu, J.; Ibanez, C.; Serrano, R.;

Rodriguez, P.L. The single-subunit RING-type E3 ubiquitin ligase RSL1 targets PYL4 and PYR1 ABA receptors in plasma
membrane to modulate abscisic acid signaling. Plant J. 2014, 80, 1057–1071. [CrossRef]

9. Irigoyen, M.L.; Iniesto, E.; Rodriguez, L.; Puga, M.I.; Yanagawa, Y.; Pick, E.; Strickland, E.; Paz-Ares, J.; Wei, N.; De Jaeger, G.; et al.
Targeted degradation of abscisic acid receptors is mediated by the ubiquitin ligase substrate adaptor DDA1 in Arabidopsis. Plant
Cell 2014, 26, 712–728. [CrossRef]

10. Callis, J. The ubiquitination machinery of the ubiquitin system. Arabidopsis. Book. 2014, 12, e0174. [CrossRef]
11. Fernandez, M.A.; Belda-Palazon, B.; Julian, J.; Coego, A.; Lozano-Juste, J.; Iñigo, S.; Rodriguez, L.; Bueso, E.; Goossens, A.;

Rodriguez, P.L. RBR-Type E3 Ligases and the Ubiquitin-Conjugating Enzyme UBC26 Regulate Abscisic Acid Receptor Levels and
Signaling. Plant Physiol. 2020, 182, 1723–1742. [CrossRef] [PubMed]

12. Marin, I. Diversification and Specialization of Plant RBR Ubiquitin Ligases. PLoS ONE 2010, 5, e11579. [CrossRef] [PubMed]
13. Gao, C.; Zhuang, X.; Shen, J.; Jiang, L. Plant ESCRT Complexes: Moving Beyond Endosomal Sorting. Trends Plant Sci. 2017, 22,

986–998. [CrossRef]
14. Kim, D.Y.; Scalf, M.; Smith, L.M.; Vierstra, R.D. Advanced proteomic analyses yield a deep catalog of ubiquitylation targets in

Arabidopsis. Plant Cell 2013, 25, 1523–1540. [CrossRef]
15. MacGurn, J.A.; Hsu, P.C.; Emr, S.D. Ubiquitin and membrane protein turnover: From cradle to grave. Annu. Rev. Biochem. 2012,

81, 231–259. [CrossRef]

http://doi.org/10.1146/annurev.biochem.67.1.425
http://www.ncbi.nlm.nih.gov/pubmed/9759494
http://doi.org/10.1146/annurev-biochem-060310-170328
http://www.ncbi.nlm.nih.gov/pubmed/22524316
http://doi.org/10.1111/nph.14915
http://www.ncbi.nlm.nih.gov/pubmed/29194634
http://doi.org/10.3389/fpls.2020.00379
http://www.ncbi.nlm.nih.gov/pubmed/32391026
http://doi.org/10.1016/j.tplants.2017.08.009
http://www.ncbi.nlm.nih.gov/pubmed/28919033
http://doi.org/10.5483/BMBRep.2017.50.8.128
http://doi.org/10.1111/tpj.12708
http://doi.org/10.1105/tpc.113.122234
http://doi.org/10.1199/tab.0174
http://doi.org/10.1104/pp.19.00898
http://www.ncbi.nlm.nih.gov/pubmed/31699847
http://doi.org/10.1371/journal.pone.0011579
http://www.ncbi.nlm.nih.gov/pubmed/20644651
http://doi.org/10.1016/j.tplants.2017.08.003
http://doi.org/10.1105/tpc.112.108613
http://doi.org/10.1146/annurev-biochem-060210-093619


Int. J. Mol. Sci. 2021, 22, 7103 10 of 11

16. Demir, F.; Horntrich, C.; Blachutzik, J.O.; Scherzer, S.; Reinders, Y.; Kierszniowska, S.; Schulze, W.X.; Harms, G.S.; Hedrich, R.;
Geiger, D.; et al. Arabidopsis nanodomain-delimited ABA signaling pathway regulates the anion channel SLAH3. Proc. Natl.
Acad. Sci. USA 2013, 110, 8296–8301. [CrossRef] [PubMed]

17. Grondin, A.; Rodrigues, O.; Verdoucq, L.; Merlot, S.; Leonhardt, N.; Maurel, C. Aquaporins Contribute to ABA-Triggered Stomatal
Closure through OST1-Mediated Phosphorylation. Plant Cell 2015, 27, 1945–1954. [CrossRef]

18. Lee, S.C.; Lan, W.; Buchanan, B.B.; Luan, S. A protein kinase-phosphatase pair interacts with an ion channel to regulate ABA
signaling in plant guard cells. Proc. Natl. Acad. Sci. USA 2009, 106, 21419–21424. [CrossRef] [PubMed]

19. Belda-Palazon, B.; Rodriguez, L.; Fernandez, M.A.; Castillo, M.C.; Anderson, E.A.; Gao, C.; Gonzalez-Guzman, M.; Peirats-Llobet,
M.; Zhao, Q.; De Winne, N.; et al. FYVE1/FREE1 Interacts with the PYL4 ABA Receptor and Mediates its Delivery to the Vacuolar
Degradation Pathway. Plant Cell 2016, 28, 2291–2311. [CrossRef] [PubMed]

20. Garcia-Leon, M.; Cuyas, L.; El Moneim, D.A.; Rodriguez, L.; Belda-Palazon, B.; Sanchez-Quant, E.; Fernandez, Y.; Roux, B.;
Zamarreno, A.M.; Garcia-Mina, J.M.; et al. Arabidopsis ALIX Regulates Stomatal Aperture and Turnover of Abscisic Acid
Receptors. Plant Cell 2019, 31, 2411–2429. [CrossRef]

21. Yu, F.; Lou, L.; Tian, M.; Li, Q.; Ding, Y.; Cao, X.; Wu, Y.; Belda-Palazon, B.; Rodriguez, P.L.; Yang, S.; et al. ESCRT-I Component
VPS23A Affects ABA Signaling by Recognizing ABA Receptors for Endosomal Degradation. Mol. Plant 2016, 9, 1570–1582.
[CrossRef]

22. Lee, J.H.; Yoon, H.J.; Terzaghi, W.; Martinez, C.; Dai, M.; Li, J.; Byun, M.O.; Deng, X.W. DWA1 and DWA2, two Arabidopsis DWD
protein components of CUL4-based E3 ligases, act together as negative regulators in ABA signal transduction. Plant Cell 2010, 22,
1716–1732. [CrossRef]

23. Seo, K.I.; Lee, J.H.; Nezames, C.D.; Zhong, S.; Song, E.; Byun, M.O.; Deng, X.W. ABD1 is an Arabidopsis DCAF substrate receptor
for CUL4-DDB1-based E3 ligases that acts as a negative regulator of abscisic acid signaling. Plant Cell 2014, 26, 695–711. [CrossRef]

24. Shabek, N.; Ruble, J.; Waston, C.J.; Garbutt, K.C.; Hinds, T.R.; Li, T.; Zheng, N. Structural insights into DDA1 function as a core
component of the CRL4-DDB1 ubiquitin ligase. Cell Discov. 2018, 4, 67. [CrossRef]

25. Belda-Palazon, B.; Julian, J.; Coego, A.; Wu, Q.; Zhang, X.; Batistic, O.; Alquraishi, S.A.; Kudla, J.; An, C.; Rodriguez, P.L. ABA
inhibits myristoylation and induces shuttling of the RGLG1 E3 ligase to promote nuclear degradation of PP2CA. Plant J. 2019, 98.
[CrossRef]

26. Julian, J.; Coego, A.; Lozano-Juste, J.; Lechner, E.; Wu, Q.; Zhang, X.; Merilo, E.; Belda-Palazon, B.; Park, S.Y.; Cutler, S.R.; et al.
The MATH-BTB BPM3 and BPM5 subunits of Cullin3-RING E3 ubiquitin ligases target PP2CA and other clade A PP2Cs for
degradation. Proc. Natl. Acad. Sci. USA 2019, 116, 15725–15734. [CrossRef] [PubMed]

27. Antoni, R.; Gonzalez-Guzman, M.; Rodriguez, L.; Peirats-Llobet, M.; Pizzio, G.A.; Fernandez, M.A.; De Winne, N.; De Jaeger, G.;
Dietrich, D.; Bennett, M.J.; et al. PYRABACTIN RESISTANCE1-LIKE8 plays an important role for the regulation of abscisic acid
signaling in root. Plant Physiol. 2013, 161, 931–941. [CrossRef]

28. Belda-Palazon, B.; Gonzalez-Garcia, M.P.; Lozano-Juste, J.; Coego, A.; Antoni, R.; Julian, J.; Peirats-Llobet, M.; Rodriguez, L.;
Berbel, A.; Dietrich, D.; et al. PYL8 mediates ABA perception in the root through non-cell-autonomous and ligand-stabilization-
based mechanisms. Proc. Natl. Acad. Sci. USA 2018, 115, E11857–E11863. [CrossRef]

29. Dietrich, D.; Pang, L.; Kobayashi, A.; Fozard, J.A.; Boudolf, V.; Bhosale, R.; Antoni, R.; Nguyen, T.; Hiratsuka, S.; Fujii, N.; et al.
Root hydrotropism is controlled via a cortex-specific growth mechanism. Nat. Plants 2017, 3, 17057. [CrossRef] [PubMed]

30. Miao, R.; Yuan, W.; Wang, Y.; Garcia-Maquilon, I.; Dang, X.; Li, Y.; Zhang, J.; Zhu, Y.; Rodriguez, P.L.; Xu, W. Low ABA
concentration promotes root growth and hydrotropism through relief of ABA INSENSITIVE 1-mediated inhibition of plasma
membrane H(+)-ATPase 2. Sci. Adv. 2021, 7. [CrossRef] [PubMed]

31. Lin, Q.; Wu, F.; Sheng, P.; Zhang, Z.; Zhang, X.; Guo, X.; Wang, J.; Cheng, Z.; Wang, J.; Wang, H.; et al. The SnRK2-APC/C(TE)
regulatory module mediates the antagonistic action of gibberellic acid and abscisic acid pathways. Nat. Commun. 2015, 6, 7981.
[CrossRef] [PubMed]

32. Li, D.; Zhang, L.; Li, X.; Kong, X.; Wang, X.; Li, Y.; Liu, Z.; Wang, J.; Li, X.; Yang, Y. AtRAE1 is involved in degradation of
ABA receptor RCAR1 and negatively regulates ABA signaling in Arabidopsis. Plant Cell Environ. 2018, 41, 231–244. [CrossRef]
[PubMed]

33. Li, Y.; Zhang, L.; Li, D.; Liu, Z.; Wang, J.; Li, X.; Yang, Y. The Arabidopsis F-box E3 ligase RIFP1 plays a negative role in abscisic
acid signaling by facilitating ABA receptor RCAR3 degradation. Plant Cell Environ. 2016, 39, 571–582. [CrossRef] [PubMed]

34. Zhao, J.; Zhao, L.; Zhang, M.; Zafar, S.A.; Fang, J.; Li, M.; Zhang, W.; Li, X. Arabidopsis E3 Ubiquitin Ligases PUB22 and PUB23
Negatively Regulate Drought Tolerance by Targeting ABA Receptor PYL9 for Degradation. Int. J. Mol. Sci. 2017, 18, 1841.
[CrossRef] [PubMed]

35. Scott, D.C.; Rhee, D.Y.; Duda, D.M.; Kelsall, I.R.; Olszewski, J.L.; Paulo, J.A.; de Jong, A.; Ovaa, H.; Alpi, A.F.; Harper, J.W.; et al.
Two Distinct Types of E3 Ligases Work in Unison to Regulate Substrate Ubiquitylation. Cell 2016, 166, 1198–1214. [CrossRef]

36. Castillo, M.C.; Lozano-Juste, J.; Gonzalez-Guzman, M.; Rodriguez, L.; Rodriguez, P.L.; Leon, J. Inactivation of PYR/PYL/RCAR
ABA receptors by tyrosine nitration may enable rapid inhibition of ABA signaling by nitric oxide in plants. Sci. Signal. 2015, 8,
ra89. [CrossRef]

37. Lin, Z.; Li, Y.; Wang, Y.; Liu, X.; Ma, L.; Zhang, Z.; Mu, C.; Zhang, Y.; Peng, L.; Xie, S.; et al. Initiation and amplification of SnRK2
activation in abscisic acid signaling. Nat. Commun. 2021, 12, 2456. [CrossRef]

http://doi.org/10.1073/pnas.1211667110
http://www.ncbi.nlm.nih.gov/pubmed/23630285
http://doi.org/10.1105/tpc.15.00421
http://doi.org/10.1073/pnas.0910601106
http://www.ncbi.nlm.nih.gov/pubmed/19955427
http://doi.org/10.1105/tpc.16.00178
http://www.ncbi.nlm.nih.gov/pubmed/27495812
http://doi.org/10.1105/tpc.19.00399
http://doi.org/10.1016/j.molp.2016.11.002
http://doi.org/10.1105/tpc.109.073783
http://doi.org/10.1105/tpc.113.119974
http://doi.org/10.1038/s41421-018-0064-8
http://doi.org/10.1111/tpj.14274
http://doi.org/10.1073/pnas.1908677116
http://www.ncbi.nlm.nih.gov/pubmed/31308219
http://doi.org/10.1104/pp.112.208678
http://doi.org/10.1073/pnas.1815410115
http://doi.org/10.1038/nplants.2017.57
http://www.ncbi.nlm.nih.gov/pubmed/28481327
http://doi.org/10.1126/sciadv.abd4113
http://www.ncbi.nlm.nih.gov/pubmed/33731345
http://doi.org/10.1038/ncomms8981
http://www.ncbi.nlm.nih.gov/pubmed/26272249
http://doi.org/10.1111/pce.13086
http://www.ncbi.nlm.nih.gov/pubmed/29044697
http://doi.org/10.1111/pce.12639
http://www.ncbi.nlm.nih.gov/pubmed/26386272
http://doi.org/10.3390/ijms18091841
http://www.ncbi.nlm.nih.gov/pubmed/28837065
http://doi.org/10.1016/j.cell.2016.07.027
http://doi.org/10.1126/scisignal.aaa7981
http://doi.org/10.1038/s41467-021-22812-x


Int. J. Mol. Sci. 2021, 22, 7103 11 of 11

38. Wang, P.; Zhao, Y.; Li, Z.; Hsu, C.C.; Liu, X.; Fu, L.; Hou, Y.J.; Du, Y.; Xie, S.; Zhang, C.; et al. Reciprocal Regulation of the TOR
Kinase and ABA Receptor Balances Plant Growth and Stress Response. Mol. Cell 2018, 69, 100–112. [CrossRef]

39. Chen, H.H.; Qu, L.; Xu, Z.H.; Zhu, J.K.; Xue, H.W. EL1-like Casein Kinases Suppress ABA Signaling and Responses by
Phosphorylating and Destabilizing the ABA Receptors PYR/PYLs in Arabidopsis. Mol. Plant 2018, 11, 706–719. [CrossRef]

40. Yu, Z.; Zhang, D.; Xu, Y.; Jin, S.; Zhang, L.; Zhang, S.; Yang, G.; Huang, J.; Yan, K.; Wu, C.; et al. CEPR2 phosphorylates and
accelerates the degradation of PYR/PYLs in Arabidopsis. J. Exp. Bot. 2019, 70, 5457–5469. [CrossRef] [PubMed]

41. Lozano-Juste, J.; Leon, J. Enhanced abscisic acid-mediated responses in nia1nia2noa1-2 triple mutant impaired in NIA/NR- and
AtNOA1-dependent nitric oxide biosynthesis in Arabidopsis. Plant Physiol. 2010, 152, 891–903. [CrossRef] [PubMed]

42. Kong, L.; Cheng, J.; Zhu, Y.; Ding, Y.; Meng, J.; Chen, Z.; Xie, Q.; Guo, Y.; Li, J.; Yang, S.; et al. Degradation of the ABA co-receptor
ABI1 by PUB12/13 U-box E3 ligases. Nat. Commun. 2015, 6, 8630. [CrossRef] [PubMed]

43. Rubio, S.; Rodrigues, A.; Saez, A.; Dizon, M.B.; Galle, A.; Kim, T.H.; Santiago, J.; Flexas, J.; Schroeder, J.I.; Rodriguez, P.L. Triple
loss of function of protein phosphatases type 2C leads to partial constitutive response to endogenous abscisic acid. Plant Physiol.
2009, 150, 1345–1355. [CrossRef] [PubMed]

44. Ali, A.; Kim, J.K.; Jan, M.; Khan, H.A.; Khan, I.U.; Shen, M.; Park, J.; Lim, C.J.; Hussain, S.; Baek, D.; et al. Rheostatic Control of
ABA Signaling through HOS15-Mediated OST1 Degradation. Mol. Plant 2019, 12, 1447–1462. [CrossRef]

45. Cheng, C.; Wang, Z.; Ren, Z.; Zhi, L.; Yao, B.; Su, C.; Liu, L.; Li, X. SCFAtPP2-B11 modulates ABA signaling by facilitating SnRK2.3
degradation in Arabidopsis thaliana. PLoS Genet. 2017, 13, e1006947. [CrossRef]

46. Lu, D.; Lin, W.; Gao, X.; Wu, S.; Cheng, C.; Avila, J.; Heese, A.; Devarenne, T.P.; He, P.; Shan, L. Direct ubiquitination of pattern
recognition receptor FLS2 attenuates plant innate immunity. Science 2011, 332, 1439–1442. [CrossRef] [PubMed]

47. Wu, Q.; Zhang, X.; Peirats-Llobet, M.; Belda-Palazon, B.; Wang, X.; Cui, S.; Yu, X.; Rodriguez, P.L.; An, C. Ubiquitin Ligases
RGLG1 and RGLG5 Regulate Abscisic Acid Signaling by Controlling the Turnover of Phosphatase PP2CA. Plant Cell 2016, 28,
2178–2196. [CrossRef]

48. Rodriguez, P.L.; Lozano-Juste, J.; Albert, A. PYR/PYL/RCAR ABA receptors. In Advances in Botanical Research, Abscisc Acid in
Plants; Seo, M., Marion-Poll, A., Eds.; Academic Press: London, UK, 2019; Volume 92, pp. 51–82.

49. Kelsall, I.R.; Duda, D.M.; Olszewski, J.L.; Hofmann, K.; Knebel, A.; Langevin, F.; Wood, N.; Wightman, M.; Schulman, B.A.; Alpi,
A.F. TRIAD1 and HHARI bind to and are activated by distinct neddylated Cullin-RING ligase complexes. EMBO J. 2013, 32,
2848–2860. [CrossRef]

50. Walden, H.; Rittinger, K. RBR ligase-mediated ubiquitin transfer: A tale with many twists and turns. Nat. Struct. Mol. Biol. 2018,
25, 440–445. [CrossRef]

51. Baek, W.; Lim, C.W.; Luan, S.; Lee, S.C. The RING finger E3 ligases PIR1 and PIR2 mediate PP2CA degradation to enhance
abscisic acid response in Arabidopsis. Plant J. 2019, 100, 473–486. [CrossRef] [PubMed]

52. Chico, J.M.; Lechner, E.; Fernandez-Barbero, G.; Canibano, E.; Garcia-Casado, G.; Franco-Zorrilla, J.M.; Hammann, P.;
ZamarreÃ±o, A.M.; GarcÃa-Mina, J.M.; Rubio, V.; et al. CUL3(BPM) E3 ubiquitin ligases regulate MYC2, MYC3, and MYC4
stability and JA responses. Proc. Natl. Acad. Sci. USA 2020, 117, 6205–6215. [CrossRef] [PubMed]

53. Morimoto, K.; Ohama, N.; Kidokoro, S.; Mizoi, J.; Takahashi, F.; Todaka, D.; Mogami, J.; Sato, H.; Qin, F.; Kim, J.S.; et al.
BPM-CUL3 E3 ligase modulates thermotolerance by facilitating negative regulatory domain-mediated degradation of DREB2A
in Arabidopsis. Proc. Natl. Acad. Sci. USA 2017, 114, E8528–E8536. [CrossRef]

54. Cherel, I.; Michard, E.; Platet, N.; Mouline, K.; Alcon, C.; Sentenac, H.; Thibaud, J.B. Physical and functional interaction of the
Arabidopsis K(+) channel AKT2 and phosphatase AtPP2CA. Plant Cell 2002, 14, 1133–1146. [CrossRef]

55. Kim, J.H.; Kim, W.T. The Arabidopsis RING E3 ubiquitin ligase AtAIRP3/LOG2 participates in positive regulation of high-salt
and drought stress responses. Plant Physiol 2013, 162, 1733–1749. [CrossRef] [PubMed]

56. Pan, W.; Lin, B.; Yang, X.; Liu, L.; Xia, R.; Li, J.; Wu, Y.; Xie, Q. The UBC27-AIRP3 ubiquitination complex modulates ABA
signaling by promoting the degradation of ABI1 in Arabidopsis. Proc. Natl. Acad. Sci. USA 2020, 117, 27694–27702. [CrossRef]
[PubMed]

57. Pratelli, R.; Guerra, D.D.; Yu, S.; Wogulis, M.; Kraft, E.; Frommer, W.B.; Callis, J.; Pilot, G. The ubiquitin E3 ligase LOSS OF
GDU2 is required for GLUTAMINE DUMPER1-induced amino acid secretion in Arabidopsis. Plant Physiol. 2012, 158, 1628–1642.
[CrossRef] [PubMed]

58. Moreno-Alvero, M.; Yunta, C.; Gonzalez-Guzman, M.; Lozano-Juste, J.; Benavente, J.L.; Arbona, V.; Menendez, M.; Martinez-
Ripoll, M.; Infantes, L.; Gomez-Cadenas, A.; et al. Structure of Ligand-Bound Intermediates of Crop ABA Receptors Highlights
PP2C as Necessary ABA Co-receptor. Mol. Plant 2017, 10, 1250–1253. [CrossRef]

http://doi.org/10.1016/j.molcel.2017.12.002
http://doi.org/10.1016/j.molp.2018.02.012
http://doi.org/10.1093/jxb/erz302
http://www.ncbi.nlm.nih.gov/pubmed/31232446
http://doi.org/10.1104/pp.109.148023
http://www.ncbi.nlm.nih.gov/pubmed/20007448
http://doi.org/10.1038/ncomms9630
http://www.ncbi.nlm.nih.gov/pubmed/26482222
http://doi.org/10.1104/pp.109.137174
http://www.ncbi.nlm.nih.gov/pubmed/19458118
http://doi.org/10.1016/j.molp.2019.08.005
http://doi.org/10.1371/journal.pgen.1006947
http://doi.org/10.1126/science.1204903
http://www.ncbi.nlm.nih.gov/pubmed/21680842
http://doi.org/10.1105/tpc.16.00364
http://doi.org/10.1038/emboj.2013.209
http://doi.org/10.1038/s41594-018-0063-3
http://doi.org/10.1111/tpj.14507
http://www.ncbi.nlm.nih.gov/pubmed/31436880
http://doi.org/10.1073/pnas.1912199117
http://www.ncbi.nlm.nih.gov/pubmed/32123086
http://doi.org/10.1073/pnas.1704189114
http://doi.org/10.1105/tpc.000943
http://doi.org/10.1104/pp.113.220103
http://www.ncbi.nlm.nih.gov/pubmed/23696092
http://doi.org/10.1073/pnas.2007366117
http://www.ncbi.nlm.nih.gov/pubmed/33077597
http://doi.org/10.1104/pp.111.191965
http://www.ncbi.nlm.nih.gov/pubmed/22291198
http://doi.org/10.1016/j.molp.2017.07.004

	Introduction 
	Ubiquitylation of ABA Receptors 
	Regulation of Ubiquitylation by Post-Translational Modifications 
	Ubiquitylation of Clade A PP2Cs in the Context of ABA Signaling 
	ABA- and/or Receptor-Dependent Degradation of PP2Cs 
	Conclusions 
	References

