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RING E3 ligases: key regulatory elements are involved in

abiotic stress responses in plants
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& Seong Wook Yang">™

"Department of Systems Biology, College of Life Science and Biotechnology, Yonsei University, Seoul 03722, Korea, “Section of Plant
Biochemistry, Department of Plant and Environmental Sciences, Faculty of Sciences, University of Copenhagen, Thorvaldsensvej 40,

DK-1871 Frederiksberg C, Denmark

Plants are constantly exposed to a variety of abiotic stresses,
such as drought, heat, cold, flood, and salinity. To survive
under such unfavorable conditions, plants have evolutionarily
developed their own resistantmechanisms. For several
decades, many studies have clarified specific stress response
pathways of plants through various molecular and genetic
studies. In particular, it was recently discovered that ubiquitin
proteasome system (UPS), a regulatory mechanism for protein
tum over, is greatly involved in the stress responsive pathways.
In the UPS, many E3 ligases play key roles in recognizing and
tethering poly-ubiquitins on target proteins for subsequent
degradation by the 26S proteasome. Here we discuss the roles
of RING ligases that have been defined in related to abiotic
stress responses in plants. [BMB Reports 2017; 50(8): 393-400]

INTRODUCTION

In eukaryotic cells, the ubiquitin proteasome system (UPS)
determines protein turnover in response to various external
stimuli, thereby regulates the cells’ ability to maintain their
basal functions. In plants, UPS is an important part of defense
against environmental stresses such as drought, extreme
temperature, salinity, and infection by pathogenic micro-
organisms (1-3). Many E3 ligases play a fundamental role in
UPS, in which they conjugate target proteins with ubiquitins.
The process mainly involves three steps. First, the ubiquitins
are activated by an E1 activating enzyme, then transferred to
an ubiquitin conjugating E2 enzyme and finally attached to the
substrate protein by a specific ubiquitin E3 ligase. Then, the
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conjugated proteins become visible to the 26S proteasome
which is responsible for the protein degradation process (4, 5).
The importance of the protein turnover system is well
exemplified in Arabidopsis, where about 6% of the
Arabidopsis genome or about 1.600 genes encode core
components of the UPS, including two E1s, at least 37 E2s and
approximately 1.400 potential E3s (6). In particular, the E3
ligases are classified into four major different groups-the HECT
(HOMOLOGY TO E6-AP C-TERMINUS)-type, RING (REALLY
INTERESTING NEW GENE)-type, U-box-type and multi-complex
E3 ligases - according to the type of their functional domains
(4). HECT E3 ligases have a domain that is comprised of a
conserved ~350 amino acids known as HECT domain. Using
a cysteine residue located within the HECT domain, HECT E3
ligases form a thiol-ester intermediate with ubiquitin prior to
tethering the ubiquitin to a target protein (7). In Arabidopsis,
only seven different HECT E3 ligases have been defined and
known as UBIQUITIN-PROTEIN LIGASES (UPLs), and they
have been grouped into four subfamilies (UPL1/2, UPL3/4,
UPL5, and UPL6/7) (7, 8). The RING-type E3s are characterized
by the presence of a RING motif that coordinates two zinc
ions to create a platform for binding of E2 enzymes. Over 470
genes of RING E3 ligases have been defined and classified into
eight different classes according to the type of metal ligand
residues (9) in Arabidopsis. Because of the large number of
RING E3 ligases and their distinctive functions in diverse plant
developmental processes and stress responses, an increasing
number of studies on RING E3 ligases have been done in
recent years. U-box E3 ligases are the most recently discovered
class of E3 ligases that contain a conserved ~ 70 amino acids
U-box motif (10, 11). U-box motif is a type of modified RING
domain which lacks the zinc ion chelating residues (10, 11). In
Arabidopsis, over 64 genes of U-box-type E3 ligases (Hereafter
referred to as U-box) have been defined (12-14). These 64
U-box proteins were methodically named as PLANT U-box
(PUB) with a serial number, except CARBOXYL TERMINUS
OF HSC70-INTERACTING PROTEIN (CHIP). Recent studies on
PUB genes have elucidated a wide range of functions of U-box
E3 ligases in plant development and stress responses (12-14).
In this mini review, with particular emphasis on the molecular
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and genetic analyses, we mainly aim to focus on the recent
progress in understanding the functions of non-complex RING
E3 ligases in abiotic stress responses.

NILA (NITROGEN LIMITATION ADAPTATION)

For the optimal growth and development of plants, nitrogen is
required as an essential nutritional element, as can be seen by
the growth defects that result from nitrogen deficiency. To
overcome such abiotic stress, plants have evolved a set of
adaptive responses to nitrogen-limiting stress. NLA (Nitrogen
Limitation Adaptation), a gene that governs the adaptability of
plants to nitrogen limitation, has been defined by a study.
Under nitrogen-limiting condition, NLA-deficient plants fail to
develop the essential responses that are needed for survival.
Interestingly, NLA encodes a RING E3 ligase that localizes to
the nucleus and directly interacts with Arabidopsis ubiquitin
conjugase 8 (AtUBCS8). In the absence of NLA activity, plants
show premature senescence phenotype. Thus, NLA may be
involved in the ubiquitination-mediated protein degradation of
proteins as negative regulators in the nitrogen limitation
sensing and signaling pathway (15).

Rma1HT1 (RING MEMBRANE-ANCHOR 1)

Rma1H1, a hot pepper (Capsicum annuum) RING E3 ligase is
homologous to a human RING membrane-anchor E3 ligase.
RmaTlH1 transcripts are immediately induced by various
abiotic stresses, such as drought, high salinity, and cold. Also,
overexpression of RmalH1 in Arabidopsis conferred signifi-
cantly enhanced tolerance to drought stress. Rma1HT1 is able
to tether poly-ubiquitins on itself and a target protein, which is
an activity of an E3 ligase. Interestingly, Rma1HT1 resides in the
endoplasmic reticulum (ER) membrane and the over-
expression of Rma7H1 hinders the trafficking of an aquaporin
from the ER to the plasma membrane in Arabidopsis. Rma1H1
directly interacts with the aquaporin and guides the UPS-
mediated degradation. Likewise, Rma1, an Arabidopsis homolog
of Rma1H1, is also localized in the ER and is known to
negatively regulate an aquaporin protein, PIP2:1. By blocking
the trafficking of aquaporin to the plasma membrane from ER
by proteolytic regulation, Rma1H1 and Rma1l play a critical
role in response to dehydration in plants (16). Furthermore,
RmaTlH1-overexpressing tomato plants (355:RmaiHT1) show
enhanced tolerance to high-salinity and drought when compared
to wild-type plants. The overexpression of RmalH1 leads to
the dramatic up-regulation of ER chaperone genes such as
LePDIL1, LeBIP1, and LeCNXT in tomatoes. Therefore, over-
expression of RmalH1 may enhance the ER responses of
tomato plants under drought stress not only by regulating
aquaporin but also by effectively removing nonfunctional
ubiquitinated proteins (17).
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BOI (BOTRYTIS SUSCEPTIBLE INTERACTOR) and BRGs
(BOI-RELATED GENES)

BOI (Botrytis Susceptible1 Interactor) directly interacts and
ubiquitinates Arabidopsis BOS1, an R2R3MYB transcription
factor which is involved in stress and pathogen responses.
Indeed, BOI-knock down (RNAI) lines are known to be more
susceptible to the necrotrophic fungus Botrytis cinerea and
less tolerant to salt stress. Furthermore, three BOI-RELATED
GENES (BRGs) were identified and have been known to
contribute to B. cinerea resistance and salt stress responses. In
fact, BOI RNAi and brg mutant plants show reduced growth in
medium containing NaCl. The overexpression of BOI was less
sensitive to salt compared to the wild-type plants. These results
suggest that BOI and BRGs are involved in salt stress responses
in Arabidopsis (18).

SDIR1 (SALT-AND DROUGHT-INDUCED RING FINGER 1)

In Arabidopsis, SALT-AND DROUGHT-INDUCED RING
FINGER1 (SDIRT1) is involved in abscisic acid (ABA)-related
stress signal transduction (19). SDIR1 is notably up-regulated
by drought and salt stress, but not by ABA. Overexpression of
SDIRT leads to ABA hypersensitivity and salt hypersensitivity
in germination, enhanced stomatal closing and drought
tolerance. The expression levels of a number of ABA-related
and stress related genes are altered both in SDIRT-excesivity
and sdir1-1 mutant plants. SDIRT also seems to regulate
leucine zipper family genes such as ABA-INSENSITIVES
(ABI5), ABRE BINDING FACTOR3 (ABF3), and ABRE
BINDING FACTOR4 (ABF4). In addition, the transcripts of
OsSDIRT (Oryza sativa SALT-AND DROUGHT-INDUCED
RING FINGER 1), a homolog of SDIR1 in Arabidopsis, are
up-regulated by drought and NaCl, but not by ABA. OsSDIR1
is able to complement the drought sensitive phenotype of the
sdirl mutant, showing that OsSDIR1 gene is functionally
homologous to SDIR1. Upon drought treatment, the OsSDIR1-
transgenic rice showed strong drought tolerance compared to
control plants (20). ZmRFP1 is an ortholog of Arabidopsis
SDIRT gene in Zea may. The transcript levels of ZmRFP1 are
markedly up-regulated by drought stress, and ABA treatment,
but not by salt, heat and cold stresses (21). Although the gene
expression profiles under different stresses vary in plants, these
results suggest that SDIRT plays diverse roles in ABA mediated
salt and drought stress responses in plants (19-21).

AtRZF1 (ARABIDOPSIS THALIANA RING ZINC FINGER 1)

Arabidopsis RING Zinc Finger 1 (AtRZF1) is significantly
reduced under drought stress. During early seedling
development, atrzf1 mutant is less sensitive to osmotic stress
than the wild-type. Besides, transgenic plants overexpressing
AtRZF1 show various drought sensitive molecular and physio-
logical phenotypes such as proline accumulation, water loss,

http://ombreports.org



membrane ion leakage and the expression of dehydration
stress-related genes, showing that AtRZF1 negatively regulates
early seedling development under drought stress (22). An
ortholog of Arabidopsis thaliana RING Zinc Finger 1 (AtRZF1)
gene was identified in the gourd family (Lagenaria siceraria)
and was named [sRZF1. [LsRZF1 transcripts are
down-regulated by ABA, osmotic, and drought stresses.
Transgenic plants ectopically expressing LsRZF1 in Arabidopsis
are hypersensitive to ABA and osmotic stress during early
seedling development, showing that LsRZF1 is also a negative
regulator of drought stress response. AtRZF1 and LsRZF1 seem
to be functional in a similar pathway that controls proline
metabolism under drought condition (23). Interestingly,
AtRZF1-deficiency is suppressed by a mutation in proline
content alterative 22 (pca22). During early seedling growth,
pca22 mutant plants suppress the insensitivity of atrzfl to
dehydration and ABA. These results suggest that pca22 is a
dominant suppressor mutant of atrzf1 in the abiotic stress
response (24).

ATAIRPs (ABA-INSENSITIVE RING PROTEINS)

Arabidopsis ABA-insensitive RING protein 1 (AtAIRP1) encodes
a cytosolic protein containing a single RING domain. AtAIRP1
transcripts are significantly induced by ABA and drought
stress. atairp? mutant displays ABA-insensitive phenotypes at
the germination stage. Besides, AtAIRPT-overexpressing trans-
genic plants show hypersensitive phenotypes to exogenous
ABA such as radicle emergence, cotyledon development, root
elongation, and stomatal closure. AtAIRPT-excessivity led to
strong tolerance, as opposed to atairp1, which was highly
susceptible to severe drought stress. The levels of drought
stress-related genes and basic leucine zipper transcription
factor genes are highly also up-regulated in AtAIRPT-excessive
lines in response to ABA. AtAIRP1 is a positive regulator of
ABA-dependent drought response (25). Arabidopsis ABA-
insensitive RING protein 2 (AtAIRP2) encodes a cytosolic
RING E3 Ub ligase whose expression is notably increased by
ABA and dehydration stress. AtAIRP2-overexpressing transgenic
plants showed hypersensitivity to ABA, whereas atairp2 loss-
of-function mutant plants exhibited hyposensitive phenotypes,
such as seed germination, root growth, and stomatal movement.
AtAIRP2-excessivity displays a high tolerance to severe drought
stress, and AtAIRP2-deficient plants are more susceptible to
water stress than wild-type plants are. Interestingly, the
positive effects of AtAIRP2 on ABA-induced stress genes are
related to SNFi-related protein kinases, which are key
components of the ABA signaling pathway. Furthermore,
AtAIRP1 is functionally combinatory with AtAIRP2 in drought
stress responses. With these results (26), suggested that
AtAIRP2 is involved in the positive regulation of ABA-
dependent drought stress responses. A recent study further
revealed the detailed mechanism of AtAIRP2 in the crosstalk
with ATP1/SDIRIP1, which was reported to be a negative
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factor in ABA signaling and a target protein of the RING E3
ligase (27). AtAIRP2 directly interacts with ATP1/SDIRIP1 and
conjugates poly ubiquitins on ATP1/SDIRIP1. The half-life of
ATP1/SDIRIP1 is regulated by AtAIRP2. Further detailed
genetic analyses showed that ATP1/SDIRIP1 acts downstream
of AtAIRP2. AtAIRP2 and SDIRT reciprocally complemented
the ABA- and salt-insensitive germination phenotypes of sdir1
and atairp2 mutants, respectively, indicating their combinatory
roles in seed germination. Subcellular localization and BiFC
analyses showed that AtAIRP2 and ATP1/SDIRIP1 are
co-localized to the cytosolic spherical body, which is
analogous to JUNQ body in yeast and animals. The regulation
of ATP1/SDIRIPT by AtAIRP2 is critical for ABA and high
salinity responses during germination in Arabidopsis (27).
ABA-insensitive RING protein 3 (AtAIRP3) contains three
distinctive domains; a single RING domain, a putative
myristoylation site, and a domain associated with RING2
(DAR2) domain. Transcript levels of AtAIRP3 are up-regulated
by drought, high salinity, and ABA, indicating that AtAIRP3
plays a role in abiotic stress responses. In fact, the atairp3
knockout mutant and AtAIRP3-RNAi knockdown transgenic
plants exhibit defective phenotypes in ABA-mediated seed
germination and stomata closure. Compared to wild-type
plants, the suppression of AtAIRP3 resulted in hypersensitive
phenotypes under high salinity and water deficit. These results
suggest that Arabidopsis ABA-insensitive RING protein 3
(AtAIRP3) is a positive regulator of the ABA-mediated drought
and salt stress tolerance mechanisms. AtAIRP3 tethers
ubiquitins to RESPONSIVE TO DEHYDRATION 21 (RD21),
which is known as a drought-inducible Cys proteinase of the
papain family (28). Thus AtAIRP3 plays a dual function in
ABA-mediated drought stress responses as well as in amino
acid export pathway in Arabidopsis (29).

KEG (KEEP ON GOING)

KEEP ON GOING (KEG) is a RING E3 ligase that harbors a
RING motif, ankyrin repeats, a kinase domain and 12 HERC2-
like repeats. KEG-deficient homo lines display growth arrest
immediately after germination, extreme sensitivity to the
inhibitory effects of ABA, and hypersensitivity to exogenous
glucose, suggesting that KEG is a negative regulator of ABA
signaling. KEG also accumulates high levels of ABSCISIC
ACID-INSENSITIVE5 (ABI5) without additional ABA treatment,
and has been shown to interact with ABI5 in vitro. In addition,
ABI5-deficiency suppresses the growth-arrest phenotype of keg
mutant seedlings. These results indicate that ABI5 is a target of
KEG RING E3 ligase. In the absence of stress, KEG plays a key
role in the regulation of ABA signaling pathway by degrading
ABI5 (30), while ABA promotes the self-ubiquitination and
degradation of KEG to maintain the level of ABI5 (31).
Furthermore, a recent study suggested that KEG targets ABI5
for degradation in the cytoplasm, thereby inhibiting the
nuclear accumulation of ABI5 in the absence of ABA (32).

BMB Reports 395



RING E3 ligases in plant abiotic stress response
Seok Keun Cho, et al.

ATLs (ARABIDOPSIS TOXICOS EN LEVADURAS)

Among approximately 470 RING E3 ligases, 80 genes of RING
in Arabidopsis and 121 genes in rice belong to ATL family.
About 90% of the ATL genes are intronless, implying ATL E3
ligases may have evolved as a functional module. Several ATL
genes are involved in abiotic stress responses in plants (33).
For instance, AtATL78 is an Arabidopsis RING E3 ubiquitin
ligase that is localized at the plasma membrane. The AtATL78
transcripts are up-regulated by cold stress, while down
regulated by drought stress. In fact, the RNAi mediated
suppression of AtATL78 shows enhanced tolerance to cold
stress but decreased tolerance to drought. Therefore, AtATL78
seems to be a negative regulator of cold stress response and a
positive regulator of drought stress response in Arabidopsis
(34). Furthermore, AtATL78 mediates the ABA-dependent
stomatal closure. The stomatal closure is fully impaired in
atat/78 mutant plants even in the presence of exogenous ABA
and reactive oxygen species (ROS). Treatment of high
concentrations of Ca’", a down-stream signaling molecule of
ABA signaling pathway, to atat/78 mutant plants results in
successful closures of the pores. In addition, the possible role
of AtATL78 in promoting ROS-mediated ABA signaling
pathway during drought stress has been elucidated (35). The
T-DNA mutant of AtATL43 also shows an ABA-insensitive
phenotype, suggesting a role of this gene in the ABA response
(33). The transcripts of AtATL80, a plasma membrane
(PM)-localized RING E3 ligase, are increased by long-term low
Pi (0-0.02 mM KH,PO,) conditions in Arabidopsis seedlings.
Overexpression of AtATL80 in Arabidopsis seedlings increased
phosphorus (P) accumulation in the shoots and reduced
P-utilization efficiency (PUE) even under high Pi (1 mM
KH,PO.,) conditions, while the atat/80 mutant line displayed
opposite phenotypic traits. Phenotypes showing significant
sensitivity to cold stress have been observed in
AtATL80-overexpressing lines, whereas phenotypes with
increased tolerance to cold stress have been observed in the
atat/l80 mutant line, suggesting that AtATL80 is a negative
regulator of cold stress response (36). Further, the transcript of
GmRFP1, an ATL- like RING E3 ligase gene of Soy bean
(Glycin max) that contains an N-terminal transmembrane
domain, is up-regulated by ABA and salt stress, but down-
regulated by cold and drought stresses (37).

DRIP1 (DREB2A-INTERACTING PROTEINT)

DEHYDRATION-RESPONSIVE ELEMENT BINDING PROTEIN2A
(DREB2A) is a transcription factor that controls water deficit-
inducible gene expression. It was recently found that the
stability of DREB2A in the nucleus is important for its
activation, a process which requires posttranslational modifica-
tion. Arabidopsis thaliana DREB2A-INTERACTING PROTEIN1
(DRIP1) and DRIP2, are RING E3 ligases that directly interact
and tether ubiquitins to DREB2A protein in the nucleus. The
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expressions of DREB2A-regulated drought-responsive genes
are negatively regulated by DRIP1. By contrast, the ex-
pressions of the drought-inducible genes are slightly increased
in the single T-DNA mutants of drip1-1 and drip2-1. Notably,
under dehydration stress, the gene expressions are significantly
enhanced in the drip1/drip2 double mutant, implying that
DRIP1 and DRIP2 function negatively in response to drought
stress by targeting DREB2A in plants (38). An ortholog of DRIP
was found in Cowpea (Vigna unguiculata L. Walp) (VuDRIP)
using PCR based methods. VuDRIP transcripts are up-regulated
in response to various abiotic stresses and phytohormones. In
addition, VuDRIP also binds to VuDREB2A in yeast two-hybrid
assay. The results indicate the negative regulation of VuDREB2A
by ubiquitin ligases in cowpea similar to Arabidopsis (39).

XERICO

XERICO encodes a relatively small RING E3 ligase with an
N-terminal trans-membrane domain (162 aa), and its trans-
cripts seem to be induced by salt and osmotic stress. During
germination and early seedling growth, transgenic Arabidopsis
plants overexpressing XERICO show hypersensitivity to salt
and osmotic stress, as well as ABA treatment. Under drought
stress, XERICO enhances the expression of AtNCED3, a key
ABA-biosynthetic gene. Consistently, the upregulation of
XERICO under the control of 35S promoter significantly
accumulates cellular ABA levels, and also shows strong
tolerance against drought stress. In addition, XERICO interacts
with  ASK1-interacting F-box protein (AtTLP9), which is
involved in the ABA-signaling pathway. Furthermore, the
expressions of many genes for plant hormones are notably
altered by XERICO overexpression (40).

HOST1 (HIGH EXPRESSION OF OSMOTICALLY
RESPONSIVE GENE)

High expression of osmotically responsive gene 1 (HOS1) is a
RING E3 ligase that is generally expressed in all plant tissues.
HOST negatively regulates low temperature-responsive gene
transcription, and its deficiency results in the enhanced
induction of the CBF transcription factors and their downstream
cold-responsive genes by cold treatment (41). Interestingly, in
response to low temperature treatments, HOS1 protein shuttles
from the cytoplasm to the nucleus (42). Further studies
elucidated the detailed mechanism of underlying the functions
of HOS1 in cold stress response. Inducer of CBF expression 1
(ICE1), which is a transcription factor, activates the expression
of C-repeat (CRT)-binding factors (CBFs) that subsequently
controls the expression of downstream genes for cold
responses (43). The direct interaction of HOS1 with ICE1
mediates the ubiquitination of ICE1, which in turn mediates
the cold induced degradation of ICE1. Consistently, HOST-
deficiency leads to the accumulation of ICE1 and downstream
genes, while the overexpression of HOS1 reduces the level of
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ICET by UPS mediated degradation. As such, HOS1 plays a
key role in attenuating cold stress responses in Arabidopsis
(44).

CaAIR1 (CAPSICUM ANNUUM ABA-INSENSITIVE RING
PROTEIN 1)

Capsicum annuum ABA-Insensitive RING protein 1 (CaAIRT)
is a RING E3 ligase for a hypersensitive response to drought
stress in hot pepper (45). CaAIR1, which contains a RING
domain and a putative transmembrane domain, has a RING E3
ligase activity in vitro and is localized in the nucleus. The
transcripts of CaAIRT are up-regulated by ABA treatments,
drought and NaCl stresses, indicating its putative roles in the
response to abiotic stress. The ectopic expression of CaAIRT in
Arabidopsis leads to an impaired sensitivity to ABA during
plant developmental stages and hypersensitive drought stress
phenotypes such as reduced stomatal closure, while
CaAlIR1-deficiency in pepper plants results in an enhanced
tolerance to drought stress. These results indicate that CaAIR1
participates in the ABA-mediated drought stress tolerance
mechanism as a negative regulator.

OsHCI1 (ORYZA SATIVA HEAT AND COLD INDUCED 1)

Oryza sativa heat and cold induced 1 (OsHCI1) is a RING E3
ligase gene which is highly up-regulated by heat and cold stress
but not by salinity or dehydration. OsHCI1 associates with six
target proteins such as 20S proteasome subunit o7 (OsPSA7,
0Os01g59600), periplasmic beta-glucosidase (OsBGLUT,
0s03g53800), ethylene-responsive protein (OsbHLHO065,
Os04g41570), glycine-rich cell-wall  structural protein
(OsGRP1, Os05g02770), peroxidase (OsPOX1, Os07g48020),
and 14-3-3 protein (Os14-3-3, Os11g34450). In particular,
OsHCI1T  mediates OsPGLU1, OsbHLH065, OsGRP1, and
OsPOX1 protein ubiquitination in vitro. The mono- ubiquitin of
the target proteins seem to be important for the subcellular
trafficking of the proteins from the nucleus to the cytoplasm.
Under heat shock conditions, OsHCI1 also dynamically moves
from the cytoplasm to the nucleus along the cytoskeletal tracts.
Furthermore, the ectopic expression of YFP fused OsHCIT in
Arabidopsis shows a heat-tolerant phenotype and increased
survival rate under heat stress, indicating that OsHCI1 indeed
plays an important role in the regulation of heat-generated
signals in plants (46).

OsRMTT1 (ORYZA SATIVA RING FINGER PROTEIN
WITH MICROTUBULE-TARGETING DOMAIN 1)

Oryza sativa RING finger protein with microtubule-targeting
domain 1 (OsRMTT1), is a functional RING E3 ligase that is
possibly involved in a salt tolerance mechanism. As a
homodimer complex, OsRMT1 functions as a self-ubiquitination-
mediated protein degradation under nonstress conditions. By
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contrast, under salt stress, OsRMT1 is stabilized and localized
in the nucleus and microtubules. In fact, the N-terminal
domain of OsRMT1 is required for microtubule targeting. The
overexpression of OsRMT1 in Arabidopsis exhibits increased
tolerance to salt stress, while the abundance of microtubule-
associated OsRMT1 is strictly regulated under nonstress
condition. Together, this indicates that OsRMT1 may play a
role in salt stress response by modulating the half-life of target
proteins that are mostly associated to microtubules (47).

OsSIRP1 (ORYZA SATIVA SALT-INDUCED RING
FINGER PROTEIN 1)

Oryza sativa salt-induced RING Finger Protein 1 (OsSIRPT)
gene was selected among the 44 Oryza sativa RING Finger
Proteins (OsRFPs) genes which are highly expressed in rice
roots under salinity stress. OsSIRP1 transcripts are up-regulated
by various stress treatments, including salt, heat, drought and
ABA. In vitro poly-ubiquitination assay showed that OsSIRP1
is indeed, a functional E3 ligase. The ectopic overexpression of
OsSIRP1 in Arabidopsis reduces tolerance for salinity stress
during seed germination and root growth. Thus, it has been
elucidated OsSIRP1 may act as a negative regulator of salinity
stress tolerance (48).

OsSRFP1 (ORYZA SATIVA STRESS-REIATED RING
FINGER PROTEIN 1)

In vitro ubiquitination assay revealed that OsSRFP1 has E3
ubiquitin ligase activity. OsSRFPT is ubiquitously expressed in
various rice organs and is induced by cold, dehydration, salt,
H,O, and ABA treatments. The overexpression of OsSRFP1
reduces stress tolerance to salt, cold and oxidative stresses,
whereas RNAi-knock down of OsSRFPT increases tolerance
against to those stresses. Consistently, the amount of free
proline and the activities of antioxidant enzymes are increased
in the RNAiknock down lines but decreased in the over-
expression lines under cold stress. Furthermore, OsSRFPT may
be functional in the regulation of several gene transcriptions.
The expressions of many genes for reactive oxygen species
(ROS) homeostasis are altered by OsSRFP1-excessivity under
normal and cold conditions. By negatively regulating antioxidant
enzymes for the removal of ROS, OsSRFP1 may have a dual
function in post-translational and transcriptional regulations as
well as in modulating abiotic stress responses in rice (49).

CONCLUSION AND PERSPECTIVES

As sessile organisms, plants are constantly subjected to
numerous abiotic stresses residing in their immediate surroun-
dings. Generally, plants overcome such adverse conditions
altering their physiological, biochemical, and morphological
phenotypes. A variety of plant adaptation pathways against
harmful abiotic stresses have been investigated and depicted.
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Fig. 1. Drought stress related RING E3 ligases in plants. Schematic
cartoon shows the positive or negative functions of RING E3 ligases.

Among such variety of pathways, UPS is one of the key
processes through which plants are able to maintain growth
against environmental stresses. Hence, it is of particular
importance to further understand the roles of E3 ligases of the
UPS in the process of plant adaptation against stress
conditions. Through genomic and transcriptome analyses, a
growing number of RING E3 ligases related to abiotic stress
responses have been identified (Fig. 1). The roles of RING E3
ligases as either positive or negative regulators in response to
stress mainly depend on the nature of their target proteins (Fig.
2). However, our efforts to understand the detailed regulatory
roles of RING E3 ligases at the molecular and biochemical
levels is often hindered by the lack of information on such
target proteins. Therefore, the identification of target proteins is
necessary to gain a better understanding of the biological
functions of RING E3 ligases in abiotic stress responses.
Although the target proteins of several abiotic stress related
RING E3 ligases, such as HOS1, RmaH1, and DREB2A, have
been defined using conventional molecular approaches,
information on the target proteins of most RING E3 ligases
remain elusive due to the lack of efficient screening system for
substrates. The quest for future researches is to build a
high-throughput method that can screen unknown targets
proteins. With this method, the roles of RING E3 ligases and
other families in not only plant abiotic stress management but
also growth and development can be further understood. After
establishing the functions of individual RING E3 ligases, the
regulatory networks among the stress response pathways for
different stresses should be interlinked to grasp in-depth
knowledge on stress responses in plants. Moreover, contrary to
yeast and animals, our knowledge on E3 ligases under
proteotoxic stress is still relatively rudimentary in plants. In
fact, only one U-box E3 ligase AtCHIP has been identified for
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protein quality control (PQC) pathway (50, 51). PQC is one of
most important biological processes by which misfolded,
damaged, and truncated proteins can be rescued or degraded
to prevent unfavorable aberrant protein aggregations. Indeed,
many intracellular proteins are prone to be damaged by many
abiotic stresses, such as drought, heat, and oxidative stresses
(52-54). Therefore, in relation to the PQC process in plants,
the roles of E3 ligases in the abiotic stresses need further
understanding. Given the high diversity of RING E3 ligases in
plants, it seems reasonable to postulate the involvement of
some of these RING E3 ligases in proteostasis. Thus in future
perspective, it is of high interest to study and understand the
possible genes that may be involved in proteostasis.
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