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The ubiquitin-proteasome system (UPS) in plants, like in other eukaryotes, targets numerous intracellular regula-
tors and thus modulates almost every aspect of growth and development. The well-known and best-characterized
outcome of ubiquitination is mediating target protein degradation via the 26S proteasome, which represents the ma-
jor selective protein degradation pathway conserved among eukaryotes. In this review, we will discuss the molecular
composition, regulation and function of plant UPS, with a major focus on how DELLA protein degradation acts as a

key in gibberellin signal transduction and its implication in the regulation of plant growth.
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The ubiquitin and 26S proteasome pathway

Ubiquitin is a conserved 76-amino acid protein that is
conjugated to lysine residues within target proteins and
itself via the ubiquitination pathway [1, 2]. The ubiquit-
ination pathway is complex and the entire process is un-
der tight regulations from other cellular signaling events.
The early step of ubiquitination is carried out through
the actions of three enzymes: E1 (the ubiquitin activating
enzyme), E2 (the ubiquitin conjugating enzyme) and E3
(the ubiquitin ligase). The E1 hydrolyzes ATP to form a
thioester bond with the C-terminal glycine of ubiquitin
and transfers the activated ubiquitin to a cysteinyl resi-
due of the E2 enzyme. The E2-ubiquitin can either bind
with E3 to directly transfer ubiquitin to substrate protein,
or in the case of HECT (homology to E6-AP C termi-
nus) E3s, conjugate the ubiquitin to E3 to form an E3-
ubiquitin intermediate, and then transfer the ubiquitin to
substrate proteins. In both cases, it is the E3 that dictates
the substrate specificity of the ubiquitination process and
makes the ubiquitin system a major selective degradation
pathway conserved in eukaryotes [3-5]. The ubiquitina-
tion process can repeat several times to attach new ubig-
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uitin molecule to the lysine residue of a former ubiquitin,
which has already been conjugated to the substrate pro-
tein. These reiterated processes lead to the modification
of the substrate protein by a ubiquitin chain (referred
to as polyubiquitination), which is essential for the 26S
proteasome recognition, and leads to the subsequent
degradation of the polyubiquitinated substrate [2]. The
polyubiquitin chain can be disassembled by the activity
of DUB (deubiquitinating enzyme) to release ubiquitin
moieties that are reused in the next ubiquitination cycle
(Figure 1) [6].

The 26S proteasome is a 2.5-MDa ATP-dependent
protease complex that consists of a cylindrical 20S core
particle (CP), capped on each end by a 19S regulatory
particle (RP) (Figure 2) [7]. The 20S CP consists of a
stack of two outer a-subunit rings and two proteolytic
B-subunit rings to hold the protease activity within the
internal chamber. The opening to the CP chamber is suf-
ficiently narrow to make sure only unfolded proteins can
enter the chamber and access the active proteolytic sites
[8]. The 19S RP can be further divided into two compo-
nents, lid and base (Figure 2), and protein components
of RP regulate many activities related with proteasome-
dependent degradation, including recognition of ubig-
uitinated substrates [9, 10], removing and recycling the
ubiquitin moieties [11, 12], unfolding and transporting
the target protein into the central chamber of CP [13, 14].
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Figure 1 The ubiquitin-proteasome pathway for protein deg-
radation. A polyubiquitin chain is synthesized via an enzyme
cascade including E1, E2 and E3 enzymes, and removed by
DUBs. The polyubiquitin chain serves as a tag to be recognized
by the 26S proteasome, which mediates the subsequent protein
degradation. Both the ubiquitination and degradation are ATP-
dependent processes.

Previous studies show that some of the 19S RP compo-
nents have substrate-specific functions in plants. For ex-
ample, the deficiency of RPN10, a base subunit serving
as a ubiquitin receptor, impairs ABA singling by stabili-
zation of the transcription factor ABIS [15].

Genomic analysis revealed that more than 6% of the
Arabidopsis genome (over 1 600 loci) encodes core com-
ponents of the (UPS) [8]. For example, Arabidopsis has
two Els, at least 37 E2s and more than 1 400 potential
E3s. Since a large number of E3s exist in plant proteome,
it is not surprising to find that most of them are plant-
specific enzymes without obvious counterparts in yeast
and mammalian cells. The diversity of E3s also suggests
that protein degradation control in plants is a vital pro-
cess to regulate growth and development [16].

Plant E3 ubiquitin ligases

The E3 ubiquitin ligases are encoded by diverse gene
families in plants. E3s can carry out the ubiquitination
function either as single subunit proteins or multi-subunit
protein complexes [4, 16]. According to the type of E2-
binding domain, the single subunit E3s can be further
divided into HECT domain and really interesting new
gene (RING)/U-box domain E3s, with different ubiq-
uitin transferring mechanisms [3]. The HECT domain is
a 350-amino acid protein domain that consists of both
a ubiquitin-binding motif and an E2-binding motif. The
HECT domain E3 protein family is the smallest E3 sub-
family in Arabidopsis genome, with only seven members
[8]. The RING domain is the most abundant E2 interac-
tion domain in Arabidopsis, which contains approxi-
mately 477 single subunit protein members, although it
is not known whether all the RING domain proteins can
function as E3 ubiquitin ligases [17]. The RING domains
are characterized by the ~70-amino acid zinc-binding
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Figure 2 The structure (left) and a simplified model (right) of the
yeast 26S proteasome. The structure of 26S proteasome was
reprinted from Proceedings of the National Academy of Scienc-
es, USA [92]. The proteolytic active subunits (81, p2 and p5) are
highlighted in red color. Rpt, regulatory particle triple-A ATPase,
Rpn, regulatory particle non-ATPase.

motif (referred to as RING finger) [18, 19]. The U-box
domain is a modified form of RING-finger domain with
approximately 64 members [20]. Unlike the RING-
finger domain, the U-box domain does not use zinc ions
to maintain its secondary structure, whereas the overall
structure of both domains is quite similar and both of
them contain a conserved surface for E2 interaction [21].
In contrast with HECT domain, E3s that accept activated
ubiquitin to form an E3-ubiquitin intermediate and then
transfer ubiquitin to the target proteins, the RING/U-box
E3s directly catalyze the ubiquitin transfer from E2s to
substrate proteins (Figure 3) [3].

Cullin-based multi-subunit E3 families

The SCF complexes, a large group of multi-subunit
RING domain E3 ligases, are the most abundant and
best characterized E3 family [22]. The SCF complex
is named after three of its four subunits: Skpl (in plant
referred to as ASK), Cullin 1 (CUL1) and the F-box pro-

Figure 3 HECT and RING/U-box single subunit E3 ubiquitin
ligases. During the process of protein ubiquitination, ubiquitin
forms an intermediate thioester linkage with HECT E3s before
transfer to the lysine residue in the substrate protein. RING E3s
do not form an intermediate with ubiquitin, rather, RING E3s
provide a scaffold to support the direct transfer of ubiquitin from
E2 to the substrate protein.
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tein. The fourth subunit is the RING-finger-containing
protein RBX1 [4]. In SCF complex, the cullin protein
serves as a scaffold that binds RBX1 to its C-terminus
and the linker subunit SKP1 to its N-terminal domain.
The SKP1 protein in turn interacts with the F-box motif
at the N-terminus of F-box proteins to form a complete
SCF complex [23]. The C-termini of F-box proteins
contain protein-protein interaction domains including,
but not limited to, WD-40, KELCH and Leu-rich repeat
domains. These domains can recruit specific substrates to
the SCF complex (Figure 4A) [24]. In Arabidopsis, the
F-box protein superfamily is encoded by the largest gene
family containing more than 700 members, and can be
divided into 42 families according to the distinct domain
organizations [25]. By comparison, only 68 and 74 genes
encode F-box proteins in human and mouse genomes,
respectively [26].

Besides the SCF E3 complex, there are also other cul-
lin-based RING domain E3 ligase complexes. First, the
CUL3-BTB (broad complex/tramtrack/bric-a-brac) E3
ligase complexes. In this group of complex E3 ligases,
BTB proteins are used both to recognize substates and to
interact with the CUL3 scaffold protein (Figure 4B). Sec-
ond, the CUL4-DDB (DNA damage-binding) E3 ligase
complexes. The CUL4-DDB E3s use WD40 domain-con-
taining DWD proteins for substrate recognition, and use
the DDB1 protein to tether DWD proteins to the CUL4
scaffold protein (Figure 4C). Third, the APC (anaphase-
promoting complex) E3 contains at least 11 subunits,

CUL4-DDB
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including the cullin-like protein APC2, the RBX1-like
protein APC11, and several substrate-recruting subunits,
e.g. APCI10, CDC20 (cell division cycle protein 20) and
CDHI1 (CDC20-homology 1; Figure 4D). Together, all
the above mentioned four subtypes of multi-subunit E3
complexes were named as cullin—RING ligases (CRLs).

The assembly and regulation of cullin-based E3 li-
gases

The assembly and activity of CRL complexes are reg-
ulated by a small ubiquitin-related protein RUB (related
to ubiquitin) [27]. The RUB (also named Nedd8 in ani-
mals) protein is also highly conserved among eukaryotes.
The RUB protein is attached to the cullin subunit of the
CRL complex via an enzymatic cascade similar to that
of the ubiquitin pathway. In Arabidopsis, AXR1 (auxin
resistant 1) and ECR1 (E1 C-terminal related 1) form a
dimer to function as the E1 [28]. RCE1 (RUB conjugat-
ing enzyme 1) serves as the E2 [29]. RING-finger protein
RBX1, a subunit of the SCF complex, is the E3 of RUB
conjugation [30, 31]. The RUB conjugation (Rubylation)
pathway was first identified in Arabidopsis through ge-
netic screen for auxin resistant mutants, and AXR1 is the
first protein shown to be required for auxin response [32,
33]. Genetic studies in Arabidopsis suggest that RUB
conjugation to the cullin subunit is required for the activ-
ity of SCF complexes [29, 33, 34]. Subsequent studies in
mammalian cells also demonstrated that RUB/Nedd8 is

Figure 4 Simplified cartoons illustrating the components of the cullin—-RING E3 ligases (CRLs). (A) The SCF E3 complex. (B)
The CUL3-BTB E3 complex. (C) The CUL4-DDB E3 complex. (D) The APC E3 complex.
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essential for the function of SCF complexes [22]. At least
for the SCF, CUL3-BTB and CUL4-DDB CRLs, RUB
modification is highly dynamic and plays an important
role in the assembly and disassembly of these CRL E3
complexes [8].

Given the importance of CRL complexes to cellular
regulation and the highly dynamic feature of cullin ruby-
lation, it is not surprising that the activity of CRL com-
plexes is tightly regulated by other complexes that antag-
onize the RUB conjugation pathway. The COP9 signal-
some (CSN) was first identified as an essential complex
that represses photomorphogenesis, but is now known to
have a broad role in plant growth and development [35,
36]. The CSN is a conserved multi-protein complex con-
sisting of eight subunits (CSN1-CSNR); it shares struc-
tural and sequence similarities to the 19S RP of the pro-
teasome and the eukaryotic translation initiation factor 3
(eIF3) [37]. The best-characterized biochemical function
of the CSN complex is RUB isopeptidase activity that re-
moves RUB modification from cullin proteins [38]. The
RUB deconjugation (derubylation) reaction is mediated
by CSNS5, a zinc metalloprotease, but loss of other CSN
subunits also leads to destabilization of the entire CSN
complex, causing severe development defects in plants
[35]. Impaired function of the CSN complex results in
loss of cullin derubylation [39, 40]. The derubylation ac-
tivity of CSN directly links this complex to the regulation
of SCF E3 ligases [36]. Interestingly, the CSN5 partially
deficient mutant has increased level of rubylated cullin
proteins, but the phenotype of csn5 is quite similar to the
axrl mutant [39]. Thus, the fact that both increased and
decreased levels of rubylated cullin cause a similar effect
on the function of the CRL complex suggests that the dy-
namic cycling of rubylation and derubylation is required
for CRL activity.

CANDI1 (cullin-associated and neddylation-disso-
ciated 1) is a protein first identified in animals that can
bind unmodified cullin proteins to regulate the activity
of SCF complexes [41, 42]. In Arabidopsis, the candl
mutant was discovered by genetic screen and has a
pleiotropic phenotype with altered responses to several
phytohormones, including gibberellic acid (GA) and
auxin [43]. CANDI preferentially binds to derubylated
cullin and disrupts the formation of SCF complexes [43,
44], whereas a recent study indicated that, similar to the
manner of CSN regulation, both decreased and increased
CANDI1-CULI interactions impaired the function of SCF
complexes in vivo [45]. These findings suggest that bind-
ing dynamics of CANDI1 and the cycle of rubylation and
derubylation intersect each other to fine tune the activity
of CRL complexes.

Physiological function of plant ubiquitin-26S pro-
teasome system (UPS)

The ubiquitin-26S proteasome pathway regulates al-
most all the aspects of plant growth and development, in-
cluding, but not limited to, hormone perception and sig-
naling [16, 46], light response [5], flower development [4,
5], self-incompatibility [4, 8], epigenetic regulation [8]
and plant pathogenesis and disease control [8].

Light is one of the most important environmental cues
for plants; thus, it is reasonable to find that protein deg-
radation through the UPS is widely involved in regulat-
ing plant light responses. Both the red and far-red light
absorbing photoreceptor PHYA (phytochrome A), the
blue light absorbing photoreceptor CRY2 (cryptochrome
2) and the phytochrome interacting factors (PIFs) are
proteolysis targets of plant UPS, and their degradation
is conventionally regulated by phosphorylation [47, 48].
The single-subunit RING-finger E3, COP1, is of criti-
cal importance to plant photomorphogenesis. The dark-
dependent nucleus translocation of COP1 is responsible
for the turnover of a number of transcription factors,
including a key photomorphogenic effector protein HY5
(long hypocotyl 5) [49].

Phytohormones (plant hormones) are a structurally
unrelated collection of small molecules that control and
integrate a wide variety of processes in plant growth and
development. Among the photohormones, auxin was the
first to be discovered, followed by gibberellins, cytoki-
nins, abscisic acid, ethylene, jasmonates, brassinoster-
oids and strigolactone. A number of UPS components
have been implicated in the regulation of phytohormone
responses. In the rest of this review, we will discuss in
detail the relationship between ubiquitin-proteasome-
mediated proteolysis and gibberellin signal transduction.

Plant hormone GA and development regulation

GA plays an important role in diverse growth and de-
velopmental processes throughout the whole life cycle of
plants, including seed germination, stem elongation, leaf
expansion and flower development [46, 50]. GA percep-
tion is mediated by GID1 (gibberellin insensitive dwarf
1), a receptor that has similarity to hormone-sensitive
lipases (HSLs), but lacks the conserved residues required
for enzymatic activity [51]. GID1 was originally dis-
covered by genetic screen for GA signaling mutants in
rice [52]. Later, studies in Arabidopsis identified three
orthologs, GID1a, GID1b and GIDlc, as GA receptors
(Figure 5) [53, 54]. Genetic studies demonstrate that
both in rice and Arabidopsis, GID1 proteins are essential
to perceive GA and trigger all the GA-related responses

Cell Research | www.cell-research.com
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Figure 5 GA signaling pathway in rice and Arabidopsis. There
are three GA receptors and five DELLA homologues in Ara-
bidopsis, in contrast with the single-gene encoded GID1 and
SLR1 in rice.

[52-54].

GA responses are negatively regulated by DELLA
proteins that belong to the GRAS family of putative tran-
scription factors and are named from their N terminal-
conserved DELLA motif [46]. The DELLA proteins are
key plant growth repressors first identified in Arabidopsis
and widely distributed in other crop plants, including rice
(Oryza sativa), maize (Zea mays), wheat (Triticum aesti-
vum), barley (Hordeum vulgare) and grape (Vitis vinfera)
[55-60]. A single gene encodes the DELLA protein SLR1
(slender rice 1) in rice, whereas a family of five genes in
the Arabidopsis genome encodes DELLA proteins, in-
cluding GA insensitive (GAI), repressor of gal-3 (RGA)
and other three repressor of ga/-3-LIKE proteins (RGL1,
RGL2 and RGL3; Figure 5). The five DELLA proteins
in Arabidopsis have both redundant and partially special-
ized functions. Genetic studies suggest that RGA and
GAI synergistically suppress GA-regulated internode
elongation, abaxial trichome initiation and leaf expan-
sion [61, 62], whereas RGL1 and RGL2 are involved in
controlling seed germination [63-65]. Moreover, RGA,
RGL1 and RGL2 can work together to regulate floral de-
velopment [65-67]. Recent studies highlighted that DEL-
LA proteins serve as integrators to regulate plant growth
and development by integrating the effects of multiple
environmental cues, including light [68-71] and salt [72-
74], and cold [75] and biotic stresses [76].

The UPS in GA signaling
The growth restraint in plant is relieved by GA-in-
duced degradation of DELLA proteins [77, 78], although

the kinetics of degradation varies among different homo-
logues of DELLA proteins [79]. Based on the inhibition
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of DELLA degradation by proteasome-specific inhibitors
and the existence of polyubiquitinated DELLA proteins,
it was generally assumed that GA-induced degradation
of DELLA proteins is via the ubiquitin-26S proteasome
pathway [71, 80]. This proteolysis-based GA signal
transduction pathway is highly conserved among higher
plants: the GA-induced degradation of DELLA proteins
has not only been characterized in Arabidopsis, but also
examined in other plant species, such as rice [55] and
barley [56, 80].

The DELLA proteins accumulate at high levels in
Arabidopsis and rice mutants, s/y/-10 and gid2, which
have defects in the F-box genes SLY! (sleepy I) and
GID?2 (gibberellin-insensitive dwarf 2), respectively [81-
83]. In contrast, a sly/ gain-of-function allele, sly/-d,
causing a much stronger interaction with DELLA than
the wild-type SLY1 protein, can promote DELLA pro-
tein turnover and reduce protein levels of RGA in vivo
[77, 79, 84]. Both slyl-10 and gid2 mutants exhibit GA-
insensitive dwarf phenotypes that can be suppressed by
additional loss-of-function mutations of DELLA proteins
[81, 82, 85]. Furthermore, physical interaction between
the F-box protein, SLY1 and the SKP adaptor proteins
can be detected through immunoprecipitation assays,
supporting that SLY 1/GID?2 is a functional component of
the SCF complex that recruits DELLA proteins for ubig-
uitination and subsequent degradation by the proteasome
[79]. Moreover, a recent study demonstrated that the F-
box protein SLY1 is directly involved in DELLA protein
degradation by using a cell-free assay system [86]. Taken
together, these results indicate that the SCF®Y'"°"™* E3
ligase complex is responsible for controlling the stability
of DELLA proteins.

A cascade of protein-protein interactions triggered
by GA perception control the degradation of DEL-
LA proteins to mediate GA responses

DELLA proteins can interact with GID1 in a GA-
dependent manner [87]. Crystal structure data show that
the GA binding site locates in a deep pocket of the GID1
protein, and binding to GA induces the N-terminal lid of
GIDI1 to fold back over the GA-binding pocket to pro-
vide a rigid platform for interaction with the conserved
N-terminal DELLA/VHYNP/LEXLE motifs of DELLA
protein (Figure 6) [88, 89]. Yeast three-hybrid results
showed that the interaction of DELLA protein and GID1
enhances the binding affinity between DELLA proteins
and the F-box protein SLY1/GID2 [53]. A recent study
suggests that the C-terminal GRAS domain of DELLA
protein can further stabilize the DELLA-GID]1 interac-
tion by reducing the dissociation rate, and this stable in-
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Figure 6 Model of GA-induced DELLA protein degradation and the regulation of PIF protein function. The formation of GA-
GID1-DELLA complex in the presence of GA promotes the recruitment of DELLA by SCF®"*"2 E3 complex. DELLA protein
degradation releases growth-promoting transcription factors from sequestration, enabling previously inactive GA response

genes to become activated.

teraction mediated through the GRAS domain is essential
for the recruitment of DELLA protein by the SCF®""¥
complex [90]. All the above data support that the forma-
tion of a GA-GID1-DELLA ternary complex promotes
the interaction between DELLA and the SCF*"Y"'™?
complex, which results in ubiquitination and subsequent
degradation of the DELLA proteins (Figure 6).

Recent studies shed important light on how DELLA

proteins function as a key repressor of plant growth. The
data showed that the leucine-heptad-repeat (LZ) domain
of DELLA proteins can interact directly with the basic
helix-loop-helix (bHLH) DNA-binding domain of PIF3
and PIF4 to sequester these transcription factors in inac-
tive complexes [70, 71]. Thus, it is likely that DELLA
proteins suppress plant growth, at least partially, through
interfering with the functions of other transcription fac-
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tors that act as positive regulators of plant growth [91].
Conclusion and future perspective

The 2004 Nobel Prize in Chemistry was awarded to
Aaron Ciechanover, Avram Hershko and Irwin Rose
for their pioneering biochemical studies that led to the
discovery of the ubiquitin-mediated protein degrada-
tion. The pivotal role of the ubiquitin-26S proteasome
pathway in eukaryotes has already become clear. Our
understanding of the plant ubiquitin system and GA sig-
naling pathway has expanded exponentially over the past
several years, and the link between GA signal transduc-
tion and protein degradation has been firmly established.
The molecular mechanism of DELLA protein ubiquitina-
tion and subsequently degradation by the UPS is a fertile
area for future research. The role of the ubiquitin system
controlling numerous key regulators in almost every as-
pect of the life cycle of a plant is certainly not limited to
the GA pathway. As more plant E3s and their substrates
are characterized, we can expect a better understanding
of plant growth and development that will be invaluable
for agriculture application, and may even have important
implications for biomedical research.
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