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Ubiquitin ligation to other proteins modulates the
activity, longevity, and/or localization of the target
proteins in eukaryotic systems. As components of the
ubiquitin pathway, plant hormone receptors determine the abundance of key transcriptional regulators
of auxin, GA, and jasmonate response pathways (for
review, see Kelley and Estelle, 2012). Ubiquitin has
also been shown to alter the abundance, function, and
localization of membrane- and endoplasmic reticulum (ER)-resident proteins. Other hormone signaling
cascades, including the ethylene and brassinosteroid
pathways, depend on the regulated proteolysis of
membrane-associated receptor-like protein kinases.
Signiﬁcantly, the consequences of ubiquitin modiﬁcation in some cases are independent of the proteasome. An appropriate general term, inclusive of all
processes involving ubiquitin, is the ubiquitin modiﬁcation system (UMS). This Update, in addition to
reviewing general aspects of the UMS, speciﬁcally
focuses on the roles of ubiquitin in the plant endomembrane system.
UBIQUITINATION: A VERSATILE
POSTTRANSLATIONAL MODIFICATION

Ubiquitin is a highly conserved 76-amino acid protein whose posttranslational covalent ligation to other
proteins, including itself, serves myriad physiological
functions. It was shown to be an essential protein in
Saccharomyces cerevisiae, as deletion of all ubiquitinencoding genes resulted in complete loss of viability
(Finley et al., 1994). The breadth and depth of ubiquitin’s known physiological roles suggest that it is also
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essential in plants, although this has not been directly
demonstrated. Initially, ubiquitin was identiﬁed in
two independent areas of investigation: as a single
ubiquitin covalently attached to Lys-119 of histone 2A
in mammals (Böhm et al., 1980), and as a required
component for the in vitro degradation of model
proteins in a reticulocyte extract (for review, see
Wilkinson, 2005; Ciechanover, 2009). Our knowledge
of the in vivo functions of ubiquitin have greatly expanded subsequently to include the regulated proteolysis of transcription factors; internalization of plasma
membrane (PM)-resident transporters and receptors;
clearance of misfolded ER-localized proteins via endoplasmic reticulum-associated degradation (ERAD);
and cell cycle progression, among others (Smalle and
Vierstra, 2004; Deshaies and Joazeiro, 2009).

THE UMS

Ubiquitin alters the longevity, localization, and/or
activity of proteins via one or more covalent bonds
between the C-terminal carboxyl group of ubiquitin
and a nucleophilic moiety on the substrate protein
(referred to here as the “target”). Canonically, ligation
occurs at «-amino groups of target lysyl residues or at
the target’s N terminus. More recently, Ser, Thr, and
Cys esters at the C terminus of ubiquitin have been
reported in yeast (Saccharomyces cerevisiae) and mammalian cells (for review, see Wang et al., 2012), although the in vivo abundance of these linkages is still
unclear. For some known ubiquitination targets, substitutions of Lys residues with nonconjugatable Arg
residues result in reduced degradation, implicating
Lys residues as the primary modiﬁcation sites. On the
other hand, N-terminal or Ser/Thr ubiquitination is
made more likely when substitutions of all Lys residues have a minimal effect.
Ubiquitin can also be polymerized, as its Lys residues serve as acceptor sites for additional ubiquitin
molecules. A global proteomic study using mammalian cells found that while Lys-48 ubiquitin-ubiquitin
chains are the most abundant, all seven ubiquitin Lys
linkages were present (Kim et al., 2011). Similar global
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analyses in Arabidopsis (Arabidopsis thaliana) yield
the same relative ubiquitin chain abundance pattern:
Lys-48 chains are most abundant, followed by Lys-63,
Lys-11, and then Lys-33 and Lys-29 in much lower
abundance (Saracco et al., 2009). Linear polyubiquitin
called M1 chains (in which the C terminus of one
ubiquitin is attached to the N terminus of the next) are
also possible, and in mammals, M1 chains play a role
in the activation of Nuclear factor kappa-light-chainenhancer of activated B cells, a transcription factor
activated in response to a number of signals including
extracellular cytokines (Emmerich et al., 2011). Sitespeciﬁc substitution of ubiquitin Lys residues uncovered the role of Lys-63 chains in DNA repair and
kinase activation in mammalian cells (Peng et al.,
2003). Lys-63 chains are also implicated in vacuolar
targeting (for review, see Lauwers et al., 2010). In vivo
roles of these linkages remain to be deﬁned in plants,
as there are only a few intriguing results: mutations in
RING Domain Ligase1-2 (RGLG1-2), which forms Lys63 chains, suppress apical dominance in Arabidopsis
(Yin et al., 2007), and recently, Lys-63 chains were
found to play a role in PIN-FORMED2 (PIN2) degradation (Leitner et al., 2012).
Attachment of ubiquitin to target proteins, including
ubiquitin itself to form chains, typically requires a cascade of three enzymes: E1, ubiquitin-activating enzyme;
E2, ubiquitin-conjugating enzyme (UBC); and E3, the
ubiquitin ligase. The cascade can be thought of as a
protein pyramid. For example, in Arabidopsis, there are
two highly related E1s, approximately 37 predicted E2s,
and more than 1,000 predicted E3s (Smalle and Vierstra,
2004). While plant-speciﬁc gene duplication events
surely contribute to this diversity, the pyramidal structure is present in yeast and mammals as well. However,
it should be borne in mind that, to date, only a subset of
predicted plant E2s and E3s have been demonstrated to
have the predicted activity.
E1 and E2 function sequentially, with E1 catalyzing
activation of the C-terminal carboxyl group via adenylylation and subsequent thioester formation (Fig. 1)
and then transferring the ubiquityl group to an E2 Cys,
denoted as Ub;E2. A subset of E3s called the HECT
type (for homology to E6-AP C terminus) also carry
thioester-linked ubiquitin prior to transfer to target
proteins, but the majority of E3s catalyze ubiquitin
transfer by serving as scaffolds for the target and
the Ub;E2, and allosterically activating ubiquitin
transfer. Named for the E2-interacting domain shared
among their respective family members, these scaffold
ligases fall into two very general classes: U-box (in
plants, termed plant U-box) and RING (for really interesting new gene) E3s (Yee and Goring, 2009). A
hybrid of HECT and RING types has been reported in
the RING-between-RING proteins. RING-betweenRING proteins contain a functional RING domain,
which interacts with the Ub;E2, and additionally resemble the HECT-type E3s, with a Cys acceptor for
activated ubiquitin prior to transfer to the target
(Wenzel and Klevit, 2012). RING proteins are also

Figure 1. The ubiquitination enzyme cascade. A, The modification of
eukaryotic intracellular proteins with the small protein ubiquitin (Ub;
gray sphere) depends on a three-enzyme cascade. E1 (tan oval) activates ubiquitin at the expense of two ATP equivalents by forming a
high-energy thioester bond between the E1 active-site Cys and the
C terminus of ubiquitin. Ubiquitin is then passed to an active-site
Cys on E2 (yellow octagon). Lastly, the Ub;E3 thioester is brought
into proximity with the desired protein target (red oval) by a scaffold
protein called E3 (blue). Ubiquitin can be added to a variety of nucleophilic groups on the target protein, including the N terminus
(Ca1-NH2), Lys residues (K-NH2), Ser and Thr residues (S/T-OH), and
Cys residues (C-SH). B, Types of E3s. Multisubunit RING E3s, such as
CULLIN RING Ligases (CRLs), recognize substrates with adaptor
proteins (i.e. F-box proteins). Single-subunit RINGs like MDM2
consist of one polypeptide with binding sites for the E2 (the RING
domain) and the target protein. The U-box is a modified RING domain lacking zinc-binding sites. HECT-type E3s form a Ub;E3 thioester prior to ubiquitin being transferred to the target. APC,
Anaphase-promoting complex.

found as subunits in multisubunit E3s, such as the wellcharacterized SCF-type complex (Hua and Vierstra,
2011; for review, see Kelley and Estelle, 2012) and the
anaphase-promoting complex (Peters, 2006). Examples
exist of targets with multiple E3s (Popov et al., 2010)
and E3s with relaxed target speciﬁcities (Kostova et al.,
2007). Adding another layer of complexity, some E3s (in
conjunction with particular E2s) even specify different
linkage types to certain targets (for review, see Ikeda
and Dikic, 2008). The organization of E3s, particularly
the discernment of accessory proteins, remains an active
area of investigation.
In addition to families of E2 and E3 enzymes, eukaryotes express proteins with ubiquitin-deconjugating and
ubiquitin-binding abilities. The former serve to remove
ubiquitin (D’Andrea and Pellman, 1998), while the latter
interact with different types of ubiquitinated proteins
(Andersen et al., 2005). Ubiquitin-binding proteins can
mediate interaction between ubiquitin-modiﬁed targets
and the proteasome (Fu et al., 2010), shuttle ubiquitinated proteins from one compartment to another, or
serve to modulate the activities of others in the same
complex (Hicke and Dunn, 2003). Alternative fates of
ubiquitinated targets include proteolysis in the lytic
compartment of the vacuole or the central cavity of the
proteasome, nonproteolytic inhibition, and even protein
activation (Fig. 2).
The complexity of the UMS presents a challenge to
studying the consequences of ubiquitination. In the
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Figure 2. Fates of ubiquitinated proteins. The fate of a ubiquitinated
target protein, typically mediated by ubiquitin-binding proteins (UBP;
dark green), depends on the number of ubiquitin moieties attached to
the substrate, the type of ubiquitin-ubiquitin linkage, and whether the
substrate protein is membrane associated. A, Monoubiquitinated integral membrane proteins are internalized, leading to activation or
vacuolar degradation upon exit from the sorting endosome (SE). B,
Polyubiquitinated integral membrane proteins can be degraded either
by vacuoles or, via ERAD, the proteasome. C, Polyubiquitinated soluble proteins, in which ubiquitin moieties are linked via Lys-48, are
proteasomally degraded; in contrast, Lys-63-linked substrates tend not
to be proteolyzed but have been shown to play roles in DNA repair. D,
Monoubiquitination and multiubiquitination of soluble proteins can
bring about activation or inhibition of a protein’s activity.

simple case of a cytosolic protein with a short half-life,
the compounds MG132 (a proteasome inhibitor with
some activity against Cys proteases [Woffenden et al.,
1998]) and cycloheximide (CHX; an inhibitor of protein
synthesis) will lead to the hyperaccumulation and rapid
disappearance of the target, respectively. This simple
reciprocal response will not be observed if, for instance,
the target’s E3 turns over faster than the target, if the
treatment is prolonged (proteasome inhibition artiﬁcially depletes the free ubiquitin pool, which in turn
affects proteolysis and endocytosis), or if the target’s
degradation depends on new protein synthesis.
What do we know about the sequence speciﬁcity of
ubiquitin attachment? Proteomic surveys in yeast and
cultured mammalian cells have failed to detect a speciﬁc sequence around the ubiquitin Lys attachment site,
although there is a slight enrichment of basic amino
acids, Ala, and Gly one to six residues N terminal to the
given Lys. Overall, accessibility of the lysyl amino
group seems to be a key factor in determining whether
ubiquitination will take place (Xu et al., 2010).
The presence of membrane-localized E2 and E3 enzymes suggests that ubiquitination occurs near membrane surfaces. Following a general description of the
biogenesis of membrane proteins, we discuss the role
of ubiquitin in ER protein quality control and in regulating membrane protein abundance.
MEMBRANE-RESIDENT SOLUBLE AND INTEGRAL
PROTEINS ARE COTRANSLATIONALLY PROCESSED
IN THE ER

In eukaryotes, the nuclear envelope, ER, Golgi, PM,
and lysosomes form a continuum of lipid bilayer-enclosed

compartments known collectively as the endomembrane system. Lumenal and/or integral membrane
proteins follow a discrete pathway from the ER to their
ﬁnal destinations. Prior to entering the ER, a stretch of
approximately 20 to 30 amino acids at the N terminus
of the nascent protein is cotranslationally recognized
by the signal recognition particle, which relocates the
translating ribosome to the Secretion61 translocon on
the ER, thus funneling the new protein into the ER
lumen (for review, see von Heijne, 2007). Once inside
the ER, secreted and membrane proteins are subjected
to chaperone-assisted folding, protein disulﬁde isomerasemediated disulﬁde synthesis, and N-glycosylation
(for review, see Kleizen and Braakman, 2004). In yeast,
nascent polypeptides are modiﬁed via N-glycosylation
and subsequent glycan trimming, followed by association with the chaperone calnexin (Cnx), if soluble, or
calreticulin (Crt), if membrane associated. Cnx-Crt
recruits protein disulﬁde isomerase and binding immunoglobulin protein, a chaperone that aids in the
folding of a nascent protein’s nonglycosylated domains. Properly folded proteins are then exported
to the Golgi. Improperly folded proteins are recognized by UDP-Glc:glycoprotein glucosyltransferase,
which reglucosylates them, thereby enabling additional rounds of Cnx-Crt-driven folding (for review,
see Hong and Li, 2012). If a protein is properly folded,
it is exported to the cis-Golgi, where it is further
processed via modiﬁcations such as O-glycosylation,
phosphorylation, and assembly into multisubunit
complexes before being packaged into exocytic vesicles
that merge with the PM (for review, see Reynders
et al., 2011).

ERAD: WHEN MATTERS UNFOLD

As described above, the ER is equipped with multiple mechanisms to ensure that proteins reach their
native conformations. However, a stochastic fraction
of proteins fail to achieve this state, and these become
substrates for ERAD. Codiscovered in yeast and
mammalian cells, the ERAD pathway is a ubiquitinmediated process by which misfolded or damaged
transmembrane and lumenal ER proteins are retrotranslocated into the cytosol and degraded by the
proteasome (for review, see Meusser et al., 2005).
There are two multipass transmembrane E3 ligases
with cytosolic RING domains known to participate
in ERAD: HMG-CoA reductase degradation1 (Hrd1),
which primarily recognizes transmembrane and intraluminal target domains, and the Degradation of
a2-10 (Doa10) complex, which recognizes target cytosolic domains (Kostova et al., 2007). Hrd1 requires
an ensemble of accessory proteins to aid in target
recruitment and recognition (notably the membranespanning Hrd1 adaptor Hrd3 and the soluble ERresident lectin yeast osteosarcoma9) and preferentially
interacts with the membrane E2s Ubc7 and Ubc1
(Hirsch et al., 2009). Doa10 relies on the E2s Ubc6 and
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Ubc7 as well as the ATPase Cell division control48
(Cdc48) and the Ubc7 cofactor Cue1 (Ravid et al.,
2006). Defectively folded proteins interact with these
E3s via hydrophobically exposed regions and glycan
moieties that are added prior to E3-target binding
(Hong and Li, 2012).
While the ERAD machinery is stimulated by stresses
that induce an unfolded protein response (Tsai and
Weissman, 2010), it has been shown to regulate basal
physiological processes as well. When sterol concentrations are high, ER-localized HMG-CoA reductase,
which catalyzes the rate-limiting step in sterol biosynthesis, is proteasomally degraded following ubiquitination by the E3 Hrd1 (Bays et al., 2001; Sever et al.,
2003).
There is also some precedent for protein quality
control pathways that occur at the Golgi and the PM
(for review, see Arvan et al., 2002). Okiyoneda et al.
(2010) demonstrated that a pathological mutant form
of the cystic ﬁbrosis transmembrane conductance
regulator (CFTR; DF508CFTR), which is normally degraded by ERAD, could localize at the PM at a permissive temperature. At a nonpermissive temperature,
PM-localized DF508CFTR was rapidly internalized
and lysosomally proteolyzed in a ubiquitin-dependent
manner, indicating that a quality control mechanism
operates at the PM.

ERAD IN PLANTS

In silico methods have uncovered putative plant
homologs of yeast and mammalian ERAD components, including the E3s Hrd1 and Doa10, the E2s
Ubc6 and Ubc7, and accessory proteins such as the
ATPase Cdc48 and the chaperone Hrd3 (Müller et al.,
2005). Insightful functional data on plant ERAD came
from studies of missense mutations in the receptorlike kinase BRASSINOSTEROID INSENSITIVE1 (BRI1),
the brassinosteroid (BR) receptor (Hong et al., 2008).
The altered BRI1 proteins, bri1-5 and bri1-9, have
increased ER retention and degradation via interaction with plant ERAD pathway components (Hong
et al., 2008), and the BR-insensitive bri1-5 and bri1-9
mutant phenotypes were partially rescued in bri1-5
hrd3a-1 and bri1-9 hrd3a-1 double mutants (Liu et al.,
2011). Simultaneous knockout of both Arabidopsis
Hrd1 orthologs in the bri1-9 background also partially suppressed the BR-insensitive phenotype of
soil-grown plants (Su et al., 2011), suggesting that
degradation of BRI1 mutants depends on a HRD1/
HRD3A system in plants. In another investigation,
a T-DNA knockout of the Arabidopsis E2 UBC32
(most closely related to yeast Ubc6) was found
to partially suppress several aspects of the bri1-9
phenotype (Cui et al., 2012). Considering that the
UBC32 promoter is highly induced by reactive oxygen species-producing abiotic stresses, it appears
that UBC32, like Ubc6 in yeast, plays a role in the
ERAD response.

Additional functional evidence for plant ERAD comes through salinization stress experiments. Liu et al.
(2007) found that Arabidopsis T-DNA homozygotes
for a putative homolog of Site1 Protease (S1P), a Golgilocalized Ser protease required for mounting a robust
unfolded protein response in mammals, were hypersensitive to various monovalent salts. Yellow ﬂuorescent protein-S1P localized to Golgi bodies and
facilitated the cleavage of an ER-localized bZIP transcription factor with homology to a mammalian ERAD
transit ampliﬁer. T-DNA knockout of an ER-localized
zinc transporter led to salt hypersensitivity and repressed the expression of salt-inducible UPR marker
genes (Wang et al., 2010). Recently, Liu et al. (2011)
showed that only HRD3A (not the homolog HRD3B)
was required in Arabidopsis for basal tolerance to the
ER stress inducer tunicamycin, which disrupts ER
protein glycosylation. Furthermore, hrd3a mutants
were NaCl hypersensitive, exhibiting higher induction
of ER chaperones and diminished greening on agar
plates.

THE ER-LOCALIZED ETHYLENE RECEPTOR IS
REGULATED BY UBIQUITINATION

Recent progress has been made in understanding
the ubiquitin-dependent regulation of ethylene receptors in plants. The hormone ethylene plays diverse
roles in plant biology, including seed dormancy
breaking and fruit maturation (for review, see Klee,
2004). In Arabidopsis, ethylene is perceived by a receptor kinase family (Moussatche and Klee, 2004).
Focusing on a single paralog, Chen et al. (2007) determined that the ER-resident ethylene receptor ETR2
is degraded in the presence of high concentrations of
ethylene, whereas low to moderate ethylene concentrations lead to enhanced protein accumulation. Ethyleneinduced degradation could be blocked with MG132 and
the protease inhibitor ALLN. In contrast, ETR2 was
proteolyzed in the presence of CHX, making it reasonable to postulate that the ethylene-induced reduction in
ETR2 protein levels occurs via the proteasome through
the ERAD pathway.

NONPROTEASOMAL FATES FOR UBIQUITINATED
MEMBRANE PROTEINS

While polyubiquitination via Lys-48 ubiquitin
chains typically leads to proteasome-dependent degradation of cytosolic proteins and ER-retained proteins
are degraded in a proteasome-dependent fashion via
ERAD, PM-resident receptors and transporters tend to
be vacuolar protease substrates following internalization and sorting into multivesicular bodies (MVBs).
MVB assembly and maturation depend on the ESCRT
(for endosomal sorting complex required for transport)
assemblies (Katzmann et al., 2001; Babst et al., 2002),
which are complexes that recognize proteins destined
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for the vacuole by binding ubiquitin (Shields et al.,
2009). The emerging picture in yeast and mammals
is that while monoubiquitination is usually sufﬁcient
for internalization, multiubiquitination and Lys-63
polyubiquitination enhance endocytic rates, and
several PM-resident transmembrane proteins have
been shown to require Lys-63 polyubiquitination for
ESCRT-dependent sorting into MVBs (for review, see
Lauwers et al., 2010). Evidence for PIN2 regulation in
plants is consistent with this model (see below), but
whether this general principle applies in plants has
yet to be determined.
The yeast Sterile2 G-protein-coupled receptor, which
activates a pheromone-sensing pathway, is ubiquitinated and degraded in the vacuole upon ligand
binding (Hicke and Riezman, 1996). In mammals, the
ubiquitin ligase Casitas B-Lineage ubiquitinates the
epidermal growth factor receptor ERBB1 (Levkowitz
et al., 1999), mediating its endocytosis and lysosomal
degradation (Soubeyran et al., 2002). A recent report
by Herberth et al. (2012) suggests that ubiquitin may
be a signal for both endocytosis and MVB-to-vacuole
sorting in plants: C-terminal fusions of ubiquitin to
several PM and MVB-resident proteins led to their
vacuolar localization. Mammalian Mahogunin Ring
Finger1 down-regulates the physiological output of the
melanocortin-1 receptor via competition with the effector G-protein Gas (Pérez-Oliva et al., 2009). This is a
particularly interesting example of E3 target protein
inhibition via nonproteolytic means.
Leitner and colleagues (2012) very recently determined that the auxin efﬂux protein PIN2 is spatially
regulated by Lys-63 polyubiquitination in vivo. Substitution of any one Lys to Arg in a conserved hydrophilic loop of the PIN2 cytosolic domain had no
discernible effects, but mutation of a 12-Lys cluster
caused PIN2 to become equally distributed in the
basolateral and apical domains of root PMs, and
PIN212KR failed to rescue gravitropism defects of the
eir1-4 loss-of-function allele of PIN2. Intriguingly, the
in-frame fusion of ubiquitin to the PIN2 cytosolic loop
caused constitutive internalization and diminished
steady-state levels of PIN2, effects that could be
blocked by MG132. While the authors did not determine how PIN2 accumulates exclusively at the apical
PM, its distribution and abundance are clearly modulated by ubiquitination.

DOWN-REGULATION OF RECEPTOR-LIKE KINASES
BY UBIQUITINATION

Like mammals, higher plants are equipped with pattern recognition receptors that allow an infected host
to mount a defense against pathogens. FLAGELLIN
SENSING2 (FLS2), a PM-localized receptor-like kinase
conserved in plants, recognizes the bacterial ﬁlamentous protein ﬂagellin and, together with BRI1ASSOCIATED KINASE1 (BAK1), initiates an innate
immune response upon ﬂagellin binding (Gómez-

Gómez and Boller, 2000; Boller and Felix, 2009). Since
acquired pathogen resistance often involves programmed cell death, immune responses are attenuated to preserve the life of the host. Accordingly, FLS2
is internalized upon exposure to ﬂagellin (Robatzek
et al., 2006). Performing a yeast two-hybrid screen
with the BAK1 kinase domain, Lu et al. (2011) uncovered PLANT U-BOX13 (PUB13). BAK1 phosphorylation of PUB13 enables it to associate with FLS2 in
the presence of ﬂagellin, and PUB13 ubiquitinates
FLS2 (but not BAK1), suggesting that the PUB13BAK1 relationship is not ligase to target. Immune
response genes are hyperinduced in pub13 loss-offunction backgrounds when exposed to pathogenic bacteria, indicating that PUB13 dampens FLS2-dependent
innate immune responses by counteracting FLS2 accumulation. Thus, the FLS2-BAK1-PUB13 axis is an
example of a membrane receptor system regulated by
endocytosis, ubiquitination, and uniquely E3 (rather
than target) phosphorylation.
Flagellin-mediated FLS2 is not the only example of a
bacterial pattern recognition receptor regulated by ubiquitination. The abundance of SYMBIOSIS RECEPTORLIKE KINASE (SYMRK), a receptor-like kinase necessary
for fungal and bacterial symbioses in legumes and
nonlegumes, is controlled by the E3 ligase SEVEN IN
ABSENTIA4 (SINA4; Den Herder et al., 2012). SINA4
presumably maintains SYMRK above the threshold to
sense microbial metabolites but low enough to inhibit
excessive bacterial colonization.

PM MICRONUTRIENT TRANSPORTERS ARE
REGULATED BY UBIQUITINATION

Boron is required by plants for cell wall synthesis,
although excess boron is, for reasons that are unclear at
present, toxic (Cervilla et al., 2007). In Arabidopsis, the
PM-localized BORON TRANSPORTER1 (BOR1) has
been shown to facilitate boron uptake in roots (Takano
et al., 2010). BOR1 is internalized and degraded by a
vacuolar pathway in high-boron conditions, whereas
a mutant lacking a conserved Lys (BOR1K590A) remains
stable (Kasai et al., 2011). Monoubiquitin- and diubiquitinmodiﬁed transporters were detected in BOR1 immunoprecipitates from wild-type (but not BOR1K590A) plants.
Intriguingly, while both wild-type and mutant BOR1
were internalized upon treatment with CHX and brefeldin A (a compound that inhibits recycling to the PM
after endocytosis), only the wild-type transporter was
trafﬁcked to the lytic vacuole. In other words, while
BOR1K590A could be internalized, loss of ubiquitination
blocked its vacuolar proteolysis. This is a reasonable
conclusion, since ESCRT-dependent MVB maturation
relies on substrate ubiquitination in animals and yeast.
Like boron, iron uptake is maintained at levels
between deﬁciency and toxicity. Root-localized IRONREGULATED TRANSPORTER1 (IRT1) is more abundant in Arabidopsis roots than shoots, localizes to
early endosomes and the PM, and is constitutively
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degraded in the vacuole (Vert et al., 2002). IRT1 has
also been shown to be regulated by ubiquitination
(Barberon et al., 2011). Indeed, while wild-type IRT1
overexpression expectedly led to a moderate accumulation of iron and other metals, overexpression of
an IRT1 harboring mutations of Lys residues in the
cytosolic domain (likely candidates for ubiquitin
modiﬁcation) caused phenotypes consistent with prodigious metal accumulation (Kerkeb et al., 2008;
Barberon et al., 2011). Furthermore, IRT1 immunoprecipitates were antiubiquitin immunoreactive (but
not anti-polyubiquitin immunoreactive). This observation makes sense, considering that vacuolar
down-regulation of many PM proteins is facilitated
by monoubiquitination.
While E3s are the speciﬁcity factors of the ubiquitin
pathway, dedicated roles for a deubiquitinating enzyme and an E2 in phosphate homeostasis have also
been described. UBIQUITIN-SPECIFIC PROTEASE14
(UBP14) was recently found necessary for root hair
elongation, an adaptation to phosphate starvation in
Arabidopsis (Li et al., 2010). Diminished UBP14 transcript accumulation correlated with poorer adaptation
to low-phosphate growth conditions, while introduction of a UBP14 transgene in a ubp14 loss-of-function
background reversed these effects. Strikingly, phosphate levels did not strongly differ between wild-type
and mutant Arabidopsis, and supplementation with
structurally analogous phosphite partially suppressed
the phenotype, indicating that UBP14 is probably required for phosphate sensing rather than phosphate
transport per se.
PHOSPHATE2 (PHO2), an E2 alternatively known
as UBC24, seems to curb phosphate import, since
Arabidopsis homozygous for the early termination
pho2 mutation prodigiously accumulate phosphate in
shoots (Delhaize and Randall, 1995; Aung et al., 2006;
Bari et al., 2006). PHO2 is posttranscriptionally downregulated by miR399 microRNA, as miR399 and PHO2
abundance vary reciprocally. Recent work suggests
that PHO1, a membrane protein important for phosphate loading into the vascular system, may be a
substrate for PHO2-dependent ubiquitination and
subsequent vacuolar proteolysis (Liu et al., 2012).

RECENTLY CHARACTERIZED
MEMBRANE-ASSOCIATED RING PROTEINS
PLAY DISTINCT ROLES IN PLANT BIOLOGY

A typical response to pathogens by plants is to initiate programmed cell death in the vicinity of the infection. Lin et al. (2008) described the RING gene
RING1, whose microRNA-mediated knockdown correlated with reduced programmed cell death when the
fungal toxin fumonisin B1 (FB1) was applied. The halflife of RING1 was lengthened in the presence of FB1,
indicating that RING1 probably autoubiquitinates in
the absence of infection. The RING protein KEEP
ON GOING (KEG), which primarily localizes to

endosomes, is also implicated in programmed cell
death (Gu and Innes, 2011). The keg1-4 missense allele
suppresses the enhanced programmed cell death seen
in mutants of the enhanced disease resistance1 (edr1) kinase. EDR1 interacted with KEG in vivo, and KEG has
been shown to target EDR1 to membranes (Gu and
Innes, 2011), but the nature of their relationship is not
clearly established. To further complicate the picture,
KEG appears to regulate the abundance of ABI5,
which is a nucleus-localized transcription factor (Stone
et al., 2006). The reported dual localization of KEG is
not a singular case either. Cheng et al. (2012) recently
described RGLG2, a ubiquitin ligase implicated in
the down-regulation of the abiotic stress tolerancepromoting transcription factor ERF53. While GFP-tagged
RGLG2 ordinarily exhibits apparent PM localization, salt
stress leads to its accumulation in the nucleus and its
interaction with ERF53.
Although the hormone abscisic acid (ABA) facilitates drought stress adaptation, there are also ABAindependent pathways by which plants cope with
water deﬁcit. Water homeostasis is maintained in part
by channels called aquaporins, integral PM proteins
found in all three domains of life (Törnroth-Horseﬁeld
et al., 2006). Overexpression of hot pepper (Capsicum
annuum) RING MEMBRANE ANCHOR1-H1 (Rma1H1)
conferred enhanced drought tolerance to Arabidopsis,
and Rma1 (the Arabidopsis ortholog of Rma1H1)
ubiquitinates the aquaporin PLASMA MEMBRANE
INTRINSIC PROTEIN2;1 (PiP2;1) in vivo (Lee et al.,
2009). Rma1H1 is transcriptionally induced by drought
and cold but not ABA. Given that PiP2;1 increases with
MG132 treatment and that overexpression of Rma1H1
reduces PiP2;1 levels while causing the remaining
PiP2;1 to accumulate in the ER, Rma1 appears to affect
drought tolerance by targeting a water transport facilitator for ubiquitination and down-regulation. MG132
inhibition suggests proteasomal degradation; however,
more direct evidence is needed to deﬁne its proteolytic
pathway.
RMA1 is not unique in this regard. SALT- AND
DROUGHT-INDUCED RING FINGER1 (SDIR1) is a
predicted transmembrane RING protein transcriptionally up-regulated by salt and drought but not by ABA
(Zhang et al., 2007). Promoter-GUS fusions indicate that
it is expressed in guard cells, and biochemical fractionation experiments place it in the endomembrane system.
Loss-of-function and overexpression lines exhibited ABA
hyposensitivity and hypersensitivity, respectively, ﬁndings that were mirrored by sdir1 hypersensitivity and
35S:SDIR1 hyposensitivity to drought stress.
Many E3s ubiquitinate PM-resident transporters or
transporter adaptor proteins, thereby curbing the inﬂux
of nutrients to within a physiologically desirable range.
Falling outside this paradigm, LOG2 (for LOSS OF
GLUTAMINE DUMPER2) is a membrane-localized
RING E3 ligase that appears to positively regulate the
activity of an amino acid export system (Pratelli et al.,
2012). In Arabidopsis, overexpression of GLUTAMINE
DUMPER (GDU) genes (particularly GDU1) increases
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amino acid efﬂux, curtails biomass production, and
enhances viability on growth media supplemented
with certain amino acids: the Gdu1D phenotype. The
molecular mechanism of amino acid export is not clear,
although the RING protein LOG2 is necessary for its
manifestation (Pratelli et al., 2012). LOG2 colocalizes
with GDU1 in the PM fraction of transgenic Arabidopsis and ubiquitinates GDU1 in vitro, but whether
GDU1 is an in vivo substrate of LOG2 is not established. Paradoxically, the Gdu1D phenotype is suppressed when GDU1 is overexpressed in log2-2 T-DNA
or LOG2-directed artiﬁcial microRNA backgrounds.
This suggests that the amino acid efﬂux response requires physical interaction between LOG2 and GDU1.
Supporting this hypothesis, a mutant form of GDU1
that fails to cause the Gdu1D phenotype (GDU1G100R;
Pratelli and Pilot, 2006) is also unable to interact with
LOG2 (Pratelli et al., 2012). It is conceivable that GDU1
is an adaptor protein that recruits LOG2 to an amino
acid transporter(s).
In addition to RING-type E3s, the physiological roles
for a number of PUB-encoding genes (such as PUB13;
see above) have been demonstrated. SENESCENCEASSOCIATED UBIQUITIN LIGASE1 (SAUL1) is a PUB
that localizes to the PM via its ARMADILLO repeats
(Drechsel et al., 2011). Association with the PM was
found to be important for in vivo function, as a wildtype SAUL1 transgene (but not a SAUL1 transgene
lacking ARMADILLO repeats) was able to rescue the
senescence phenotype of plants challenged with low
light (Salt et al., 2011). In the legume Medicago truncatula, PUB1 was demonstrated to modulate nodulation
by down-regulating the nodulation factor RECEPTORLIKE KINASE3 (Mbengue et al., 2010).

MEMBRANE-ANCHORED UBIQUITIN-FOLD
PROTEINS BIND A SUBSET OF E2S

In all eukaryotes, proteins with structural similarity to
ubiquitin have been described, constituting a ubiquitinfold family. While others have been demonstrated to
attach to targets in an analogous manner to ubiquitin,
such as RELATED TO UBIQUITIN (Nedd8 in animals),
AUTOPHAGY8 (ATG8) and ATG12, and SMALL
UBIQUITIN-LIKE MODIFIER, membrane-anchored
ubiquitin-fold proteins (MUBs) are distinct, since prenylation precludes C-terminal covalent attachment to
proteins (Downes et al., 2006). Instead, this modiﬁcation
localizes MUBs to the PM. MUBs bind noncovalently to
a subfamily of E2s (Dowil et al., 2011), presumably to
increase local E2 concentration and possibly to orient
Ub;E2 complexes for speciﬁc chain formation.

PERSPECTIVE

Our understanding of the role of ubiquitin in plant
biology has expanded greatly in the last several years
to comprise ER protein quality control, nonproteasomal

down-regulation of PM-resident receptors and transporters, abiotic stress adaptation, and amino acid homeostasis. Major challenges include identifying in vivo
targets for recently characterized E3 ligases, assessing
the in vivo relevance of speciﬁc E2-E3 combinations,
and determining what functions E3-associated adaptor
and ubiquitin-binding proteins play in target recognition and in determining the ultimate consequence of
ubiquitination. New technologies, such as proteasome
inhibitors that do not concomitantly cause depletion of
the cellular free ubiquitin pool, will be invaluable assets
in these endeavors.
Received May 4, 2012; accepted June 21, 2012; published June 22, 2012.
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