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GAS STIMULATE PLANT GROWTH
AND DEVELOPMENT

GAs are a family of tetracyclic diterpenoid plant
hormones that stimulate plant growth and develop-
mental transitions. As sessile organisms, plants rely on
developmental plasticity to respond to environmental
challenges. Plant hormones regulate developmental
responses to diverse environmental stimuli such as
changes in light, temperature, moisture, animal feed-
ing, and disease pressure. GAs stimulate seed germi-
nation in response to changes in light, temperature,
and moisture (Koornneef and van der Veen, 1980;
Yamauchi et al., 2004; Seo et al., 2009). GA also stim-
ulates stem elongation and leaf expansion through cell
expansion and cell division in response to light or
dark (photomorphogenesis and skotomorphogenesis;
Ogawa et al., 2003; Alabadi et al., 2008; Feng et al,,
2008; de Lucas et al., 2008; Gallego-Bartolomé et al.,
2011). GA stimulates developmental transitions from
meristematic to shoot growth, from juvenile to adult
leaf development, and from vegetative growth to
flowering, and also stimulates aspects of flower de-
velopment (Telfer et al., 1997; Yu et al., 2004; Galinha
et al., 2009). The appropriate regulation of these events
is essential to the survival of plant species and to
successful crop production. GA stimulates many as-
pects of plant growth and development by lifting
DELLA (Asp-Glu-Leu-Leu-Ala) protein repression of
these events. This article will review multiple bio-
chemical mechanisms for the regulation of and re-
sponse to DELLA repression.

Studies using plants with altered GA biosynthesis
or catabolism have resulted in a wealth of knowledge
of the diverse roles of GA in plant growth and devel-
opment (for review, see Sun and Gubler, 2004;
Yamaguchi, 2008). GA biosynthesis enzyme mutants
of dicots and monocots are GA sensitive, showing
defects in growth and development that are rescued by
GA application. GA-sensitive mutants of rice (Oryza
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sativa) and barley (Hordeum vulgare) exhibit dwarfism,
infertility, and failure to mobilize stored reserves
during seed germination through a-amylase induction
(Zwar and Chandler, 1995; Chandler and Robertson,
1999; Sakamoto et al., 2004). Similar phenotypes are
seen in Arabidopsis (Arabidopsis thaliana) mutants af-
fecting enzymes acting later in the biosynthesis path-
way, GA 3-oxidase (GA3o0x) and GA20ox (Hedden and
Phillips, 2000; Plackett et al., 2012). Since GA30x and
GA20ox belong to multigene families, single mutants
are fertile semidwarves. In Arabidopsis and tomato
(Solanum  lycopersicum), mutants affecting early GA
biosynthesis enzymes such as ent-copalyl diphosphate
synthase (Sun and Kamiya, 1994) cause failure in seed
germination, growth as a dark green dwarf, failure to
transition to flowering under short days, and partial to
complete infertility (Koornneef and van der Veen,
1980; Karssen et al., 1989; Wilson et al., 1992). Over-
expression of the gene encoding the GA catabolic
enzyme GAZox increases GA turnover, leading to re-
duced grain germination and a-amylase induction in
wheat (Triticum aestivum; Appleford et al., 2007) and to
failures in seed development and pollen tube growth
in Arabidopsis (Singh et al., 2002).

GA signaling is often controlled through direct
regulation of hormone accumulation mediated by
changes in GA20ox, GA3ox, and GA2ox expression in
response to environmental or developmental stimuli.
This is logical, as the hormone is the first step in a
hormone signaling pathway. Stimulation of Arabi-
dopsis seed germination by red light or cold imbibition
and inhibition of germination by far-red light are as-
sociated with increased and decreased GA accumula-
tion, respectively (for review, see Seo et al., 2009).
Far-red light inhibits seed germination by inducing
GA turnover through GA20x2 and inhibiting the GA
biosynthesis GA3ox genes, whereas red light or cold
stimulates germination by inducing the biosynthesis
genes GA3ox or GA20ox and inhibiting GA2ox expres-
sion (Penfield et al., 2006; Oh et al., 2007). The germi-
nation of seed imbibing in the cold is stimulated by
increased GA levels, but cold acclimation of adult
plants is associated with decreased GA. Induction
of the C-repeat-binding factor genes by cold acclima-
tion induces the GA turnover GA2ox genes (Achard

Plant Physiology®, September 2012, Vol. 160, pp. 83-92, www.plantphysiol.org © 2012 American Society of Plant Biologists. All Rights Reserved. 83


mailto:csteber@wsu.edu
http://www.plantphysiol.org/cgi/doi/10.1104/pp.112.200956

Hauvermale et al.

et al., 2008). Decreased GA levels enhance cold toler-
ance and suppress plant growth in the cold. GA
stimulates the transition from meristematic growth to
shoot differentiation. KNOX genes maintain the meri-
stem by repressing the GA biosynthesis GA20ox en-
zymes and activating the transcript accumulation of
the GA turnover GA2ox enzymes (for review, see
Galinha et al., 2009). GA20ox expression, and pre-
sumably GA accumulation, is high in new shoots but
depleted in the meristem.

GA SIGNAL RECEPTION, A CASE OF
MOLECULAR GLUE

The GA signal is perceived by a soluble receptor
protein, GA-INSENSITIVE DWARF1 (GID1). The
mechanisms of GA perception are conserved, showing
agreement in Arabidopsis and rice, where the signal-
ing pathway has been studied in the greatest detail
(Table I). The GID1 gene was identified through map-
based cloning of a GA-insensitive mutant in rice,
where there is a single copy of the gene (Ueguchi-
Tanaka et al., 2005). GA-insensitive GID1 mutants
have defined a single barley homolog, GSE1 (Gubler
et al., 2002; Chandler et al., 2008), and three Arabi-
dopsis homologs, GID1a, GID1b, and GIDIc (Griffiths
et al., 2006; Nakajima et al., 2006; Iuchi et al., 2007;
Willige et al., 2007). Mutations in the GA receptor re-
sult in phenotypes similar to those resulting from se-
vere GA biosynthesis mutations, but they are not
rescued by GA application. GID1 protein localizes
mainly to the nucleus but also appears to localize to
the cytoplasm (Ueguchi-Tanaka et al., 2005, Willige
et al., 2007). GID1 encodes a homolog of mammalian
hormone-sensitive lipase (Ueguchi-Tanaka et al., 2005).
X-ray crystallography demonstrated two key features
of the GID1 protein (Murase et al., 2008; Shimada et al.,
2008). First, the hormone-sensitive lipase catalytic do-
main that normally binds a lipid has evolved to bind
GAs. Second, the N-terminal “lid” domain of GID1
interacts hydrophobically with the vy-lactone ring of
GA, and upon GA binding folds over the GA-binding
pocket (Fig. 1A). This GA-dependent conformational
change causes the GID1 N-terminal helical lid domain
to behave like “molecular glue” to interact with
DELLA repressor target proteins (Ueguchi-Tanaka
et al., 2007; Murase et al., 2008). The theme where a
small hormone molecule enables a protein-protein
interaction is common in plants. For example, the

hormones auxin and jasmonate stimulate the interac-
tion of their hormone receptors with the downstream
target proteins through direct interactions with both re-
ceptor and target proteins (Tan et al., 2007; Sheard et al.,
2010). The GID1-GA-DELLA complex binds GA, with a
higher affinity than GID1 alone, indicating that DELLA
binding stabilizes the receptor-hormone interaction
(Nakajima et al., 2006; Ueguchi-Tanaka et al., 2007).
The GID1-GA complex stimulates plant growth and
development by down-regulating DELLA repressors
through direct protein-protein interaction.

THE DELLA REPRESSORS OF GA
SIGNALING ARE REGULATED BY THE
UBIQUITIN-PROTEASOME PATHWAY

DELLA genes are defined as repressors of GA sig-
naling because gain-of-function mutations in DELLA
genes lead to reduced GA signaling (i.e. dwarfism),
whereas loss of function leads to increased GA signal-
ing (i.e. tall or slender phenotype). GID1 lifts DELLA
repression through direct protein-protein interaction.
All DELLA repressors have an N-terminal DELLA
regulatory domain containing the conserved amino
acid sequence Asp-Glu-Leu-Leu-Ala (DELLA) and a
C-terminal GRAS (for GAI, RGA, and SCARECROW)
functional domain (Fig. 2; Peng et al., 1997; Silverstone
et al., 1998; Pysh et al., 1999; Itoh et al., 2002). The
N-terminal DELLA regulatory domain is an intrinsi-
cally disordered domain that folds and becomes
structured upon GID1 protein binding (Sun et al.,
2010). Mutations in the DELLA and TVHYNP regions
of the regulatory domain interfere with the ability to
bind the GID1 receptor, leading to a semidominant
GA-insensitive dwarf phenotype due to the inability to
down-regulate the DELLA repressor (Peng et al., 1997;
Dill and Sun, 2001; Itoh et al., 2002; Silverstone et al.,
2007; Asano et al., 2009). Similar phenotypes have been
detected in the PFYRE and SAW regions of the GRAS
domain, which form secondary interactions with GID1
(Hirano et al., 2010). The DELLA regulatory domain
also contains a Ser/Thr/Val-rich domain believed to
be involved in the regulation of DELLA function by
phosphorylation, since deletion of both the TVHYNP
and Ser/Thr/Val domains blocks DELLA phospho-
rylation (Itoh et al., 2005a; Silverstone et al., 2007; Dai
and Xue, 2010). The DELLA gene of barley is called
SLENDER1 (SLN1) and the DELLA gene of rice is
called SLENDER RICE1 (SLR1), in reference to the

Table I. GA signaling genes of Arabidopsis, rice, and barley

Plant GA Receptors F-Box Proteins DELLA Repressors DELLA Targets®
Arabidopsis  GID1a, GID1b, GID1c  SLYT1, SNE  GAl, RGA, RGL1, RGL2, RGL3 JAZ1, PIF3, PIF4, SCL3, ALC,PIF1/PIL5, PIL2, SPT
Rice GID1 GID2, SNE SLR1 -
Barley GSE1 - SLN1 -

“DELLA targets in boldface have been biochemically verified through coimmunoprecipitation or pull-down assay.
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“tall” phenotypes resulting from loss-of-function
mutations in the GRAS functional domain (Table I;
Chandler et al., 2002; Itoh et al., 2002). The roles of the
five Arabidopsis DELLA repressor genes have been
determined based on the ability of loss-of-function
alleles to rescue phenotypes of the gal-3 GA bio-
synthesis mutant. Mutations in REPRESSOR OF
GA1-3 (RGA), GA-INSENSITIVE (GAI), and RGA-LIKE
(RGL1) rescue plant height; mutations RGA, RGL2,
and RGLI rescue flowering; while mutations in
RGL2, RGA, GAI, and RGL3 rescue seed germination
(Dill and Sun, 2001; King et al., 2001; Lee et al., 2002;
Cheng et al., 2004, Tyler et al., 2004; Cao et al., 2005;
Piskurewicz and Lopez-Molina, 2009). DELLA RGL2
has the strongest effect on seed germination, whereas
DELLA RGA has the strongest effect on plant height.
Promoter-swap experiments have shown that the
partially specialized functions of these two Arabi-
dopsis DELLA proteins appear to result mainly from

DELLA Regulatory Domain

GA Signaling

Figure 1. Proteolysis-dependent and
-independent GA signaling models. A,

Proteosomal The canonical GA signaling model il-
Degradation lustrating GA-dependent GID1-DELLA
\' ’ complex formation resulting in DELLA
DELL. recognition and ubiquitylation by the

A - SCF™ E3. Polyubiquitylation leads to

DELLA proteolysis by the 26S protea-
some, thereby lifting DELLA repression of
GA responses. B, Proteolysis-independent
GA signaling in slyl mutants occurs
when GID1-GA-DELLA complex forma-
tion blocks DELLA repression of GA re-
sponses without DELLA destruction. C,
EL1-mediated phosphorylation of DELLA
activates DELLA as a repressor of GA re-
sponses.

GA Responses Off

tissue-specific gene expression (Gallego-Bartolomé
et al., 2010).

GA lifts DELLA repression of GA responses by
targeting DELLA for destruction via the ubiquitin-
proteasome pathway. This model was originally based
on the observation that rescue of dwarfism due to GA
deficiency by GA treatment was associated with
DELLA protein disappearance (Silverstone et al., 2001;
Itoh et al., 2002). The ubiquitin-proteasome pathway
was implicated when it was found that mutations in
the F-box genes SLEEPY1 (SLY1) of Arabidopsis and
the rice homolog GID2? resulted in a GA-insensitive
phenotype associated with an inability to target
DELLA for destruction (McGinnis et al., 2003; Sasaki
et al., 2003). SLY1/GID2 is the F-box subunit of an SCF
(for SKP1, CULLIN, and F-BOX) E3 ubiquitin ligase
that catalyzes the polyubiquitylation of DELLA pro-
tein (McGinnis et al., 2003; Sasaki et al., 2003; Dill et al.,
2004; Fu et al., 2004; Gomi et al., 2004; Hussain et al.,
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Figure 2. DELLA protein organization illustrating the conserved domains and subdomains involved in GID1 binding (purple),
target binding (blue), nuclear localization (gray), and SLY1/GID2 binding (green). Also depicted are the invariant Arg (R) and Tyr
residues (Y) conserved among the STAT-like GRAS protein family and specific Ser residues (Ser-196 and Ser-510) that are sites of

EL1-directed phosphorylation.
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2005; Ariizumi et al., 2011; Wang and Deng, 2011). The
F-box subunit of an SCF complex confers substrate
specificity through a C-terminal protein-protein inter-
action domain and interacts with the rest of the SCF
complex via the N-terminal F-box domain (Smalle and
Vierstra, 2004). The SLY1/GID2 F-box requires the
C-terminal GGF and LSL domains to bind the DELLA
protein VHIID and LHRII domains (Fig. 2; Dill et al,,
2004; Fu et al., 2004; Hirano et al., 2010; Ariizumi et al.,
2011). SLY1 can bind the Arabidopsis SKP1 protein
ASK1 in yeast two-hybrid assays and forms a complex
with CULLINI that requires the F-box domain in planta
(Fu et al., 2004; Ariizumi et al., 2011). Based on a cell-free
system, SCF°™! catalyzes the formation of polyubiquitin
chains covalently attached to DELLA through ubiquitin-
Lys-29 rather than through Lys-48 (Wang et al., 2009).
GA treatment of the gal-3 GA biosynthesis mutant re-
sults in DELLA destruction through ubiquitylation
within 5 h in seeds or 10 min in seedlings (Tyler et al.,
2004; Ariizumi and Steber, 2007; Zhang et al., 2011). This
disappearance can be blocked by 26S proteasome in-
hibitors (Fu et al., 2002; Hussain et al., 2005). Thus,
GA-stimulated polyubiquitylation of DELLA proteins
targets them for destruction via the 26S proteasome.

The formation of the GID1-GA-DELLA complex
triggers the protein-protein interaction between DELLA
and the F-box protein SLY1/GID2. Yeast three-hybrid
analysis demonstrated that GID2 binding to DELLA is
stimulated by GID1-GA-DELLA complex formation
(Griffiths et al., 2006; Hirano et al., 2010). GA stimulates
SLY1 coimmunoprecipitation with GID1, suggesting
that GID1-DELLA complex formation also stimulates
GID1-DELLA-SLY1 interaction in planta (Ariizumi
et al, 2011). DELLA proteins accumulate at higher
levels in GA biosynthesis mutants, gid1, and sly1/gid2
mutants, indicating that GA, the GID1 receptor, and
components of the SCF complex are required for
DELLA proteolysis via the ubiquitin-proteasome path-
way (McGinnis et al., 2003; Sasaki et al., 2003; Zhao
et al., 2003; Dill et al., 2004; Fu et al., 2004; Gomi et al.,
2004; Hussain et al., 2005). GST pull-down and coim-
munoprecipitation assays have shown DELLA in com-
plex with SLY1/GID2 in planta (Fu et al, 2004;
Ariizumi et al., 2011). Moreover, GA, GID1, SCFMY1
and ubiquitin are sufficient to polyubiquitylate Arabi-
dopsis DELLAs in a cell-free system (Wang et al., 2009).
There is a homolog of SLY1/GID2 both in Arabidopsis
and rice called SNEEZY (SNE) or SLY2 (McGinnis et al.,
2003; Itoh et al., 2003; Fu et al., 2004; Strader et al., 2004;
Cui and Benfey, 2009). While SNE can function in GA
signaling, SLY1 is the main regulator of DELLA protein
accumulation, given that SNE mutations have a small
additive effect in slyl sne double mutants (Ariizumi
et al., 2011; Ariizumi and Steber, 2011).

NONPROTEOLYTIC MECHANISMS FOR GA
SIGNALING: VARIATIONS ON THE THEME

If all of GA signaling occurred through DELLA pro-
teolysis, then the level of DELLA protein accumulation
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should always correlate with the severity of GA-
insensitive phenotypes. This is not the case in sly1 and
gid2 F-box mutants, which accumulate much more
DELLA protein but show less severe GA-insensitive
phenotypes than either GA biosynthesis or GA recep-
tor null mutants (McGinnis et al., 2003; Willige et al,,
2007; Ueguchi-Tanaka et al, 2008). It appears that
DELLA can be inactivated by a nonproteolytic mecha-
nism such that not all of the DELLA protein that ac-
cumulates in slyl/gid2 mutants is functional as a
repressor of GA signaling (Ariizumi and Steber, 2007;
Ariizumi et al., 2008; Ueguchi-Tanaka et al., 2008). A
model in which DELLA repression is blocked by GID1-
GA-DELLA complex formation alone was proposed
based on the following evidence: (1) sly1/gid2 pheno-
types are rescued by GID1 gene overexpression without
a reduction in DELLA protein levels; and (2) GA sig-
naling in sly1/gid2 requires all of the elements required
for GID1-GA-DELLA complex formation, including GA
hormone synthesis, the GIDI gene, and the DELLA
domain required for DELLA-GID1 protein interaction.
In light of this, it appears that GID1 causes GA signal-
ing in slyl mutants by binding DELLA protein rather
than by triggering DELLA proteolysis (Fig. 1B). Unlike
Arabidopsis GIDla and GIDlc, the GID1b protein
binds GA with a higher affinity and shows some ability
to interact with DELLA in the absence of GA. This ex-
plains why GID1b overexpression better rescues GA-
insensitive slyl mutant phenotypes (Ariizumi et al.,
2008; Yamamoto et al., 2010). This GA-independent
GID1b-DELLA binding may provide a low level of
GA signaling in the absence of GA. Arabidopsis GID1b
tends to have low expression levels, suggesting that
control of GID1b accumulation may be essential to
regulating basal GA responses (Griffiths et al., 2006;
Willige et al., 2007). Because DELLA cannot be de-
graded in the sly1/gid2 F-box mutants, this background
provides a tool for examining GA signaling mecha-
nisms that precede DELLA destruction or may occur in
situations where DELLA destruction is delayed by
ethylene signaling or lack of auxin signaling (Achard
et al, 2003; Fu and Harberd, 2003). Determining the
contribution of proteolysis-independent DELLA down-
regulation to GA signaling without using a sly1/gid2
background requires the ability to directly assay DELLA
protein function as well as its accumulation. Phenotypic
assays are not useful here, since phenotype is the sum of
events over time and can be influenced by multiple
signaling pathways. Future work will need to develop
a direct assay for DELLA function or use DELLA-
regulated promoters as reporters.

PHOSPHORYLATION AND O-GLcNAc
MODIFICATION OF DELLA PROTEIN ACTIVITY

Evidence also suggests that DELLA activity can be
influenced by phosphorylation and O-GlcNAc (for O-
linked N-acetylglucosamine) modification. Studies in-
dicate that DELLA is phosphorylated, but the precise
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role of this modification in controlling DELLA activity
or protein degradation is unclear. When DELLA phos-
phorylation was first observed in rice and in Arabi-
dopsis, it was initially hypothesized that DELLA
phosphorylation might increase DELLA affinity for the
F-box protein SLY1/GID2, since target protein phos-
phorylation often stimulates F-box protein target
binding in other systems (Sasaki et al., 2003; Fu et al.,
2004; Smalle and Vierstra, 2004). Initially, it appeared
that rice DELLA SLR1 and Arabidopsis DELLA GAI
showed stronger F-box protein binding when phos-
phorylated (Fu et al., 2004; Gomi et al., 2004). How-
ever, kinetic studies of the SLR1-GID2 protein-protein
interaction demonstrated no difference in F-box GID2
affinity for phosphorylated or nonphosphorylated
DELLA SLR1 (Itoh et al., 2005a). Protein phosphatase
inhibitors appear to block the degradation of barley
DELLA SLN1 and Arabidopsis DELLAs RGL2 and
RGA, suggesting that phosphorylated DELLA is more
resistant to degradation (Fu et al., 2002; Hussain et al.,
2005; Wang et al., 2009).

Recent evidence suggests that the Ser/Thr protein
casein kinase I encoded by rice EARLY FLOWERING1
(EL1) regulates DELLA SLR1 through direct protein
phosphorylation (Dai and Xue, 2010). EL1 acts as a
negative regulator of GA signaling and a positive
regulator of DELLA, since loss of EL1 function leads to
increased GA sensitivity associated with early flow-
ering and increased a-amylase expression during seed
germination. The el1 phenotypes are associated with a
mild increase in the rate of DELLA SLR1 protein
degradation following GA treatment, consistent with
previous phosphatase inhibitor experiments suggest-
ing that phosphorylated DELLA is more stable. Two
lines of evidence suggest that EL1 regulates DELLA by
phosphorylation. First, EL1 protein phosphorylates
DELLA SLR1 in vitro. Second, Ser-to-Ala mutations in
DELLA SLR1 (S196A and S510A), believed to block
EL1-dependent phosphorylation, prevented DELLA
activation of gene expression. Moreover, Ser-to-Asp
phosphomimic mutations (5196D and S510D) led to
increased accumulation of DELLA-activated tran-
scripts. This suggests that DELLA may be regulated
through phosphorylation at these two sites, one within
the DELLA regulatory domain and one within the
GRAS functional domain (Fig. 2). Future work will
need to demonstrate EL1-directed DELLA phospho-
rylation at these sites in planta and determine the effect
of phosphorylation on DELLA function.

SPINDLY (SPY) encodes an O-GIcNAc transferase
that negatively regulates GA signaling in Arabidopsis,
rice, and barley (Robertson et al., 1998; Swain et al.,
2001; Shimada et al., 2006; Filardo et al., 2009). Loss-of-
function mutations in SPY were identified in screens
for resistance to the GA biosynthesis inhibitor paclo-
butrazol and for suppressors of gal-3 (Jacobsen and
Olszewski 1993; Silverstone et al.,, 1997). In Arabi-
dopsis, spy suppresses the gain-of-function DELLA
mutation rga-A17. Such suppression is associated not
with DELLA disappearance but with apparent DELLA

Plant Physiol. Vol. 160, 2012
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phosphorylation (Silverstone et al., 2007). SPY RNA
interference also suppressed the rice gid2 F-box mutant
without DELLA proteolysis and resulted in increased
DELLA SLR1 protein phosphorylation (Shimada et al.,
2006). Since silencing SPY also suppresses rice gid1 and
GA biosynthesis mutants, it appears that increased GA
signaling in spy requires neither DELLA proteolysis
nor GID1-DELLA complex formation. The model pro-
posed suggested that, as in mammals, O-GlcNAcyla-
tion competes with phosphorylation for modification
of the same Ser/Thr residues and that loss of DELLA
O-GlcNAcylation results in decreased DELLA function
as a consequence of phosphorylation (Wells et al.,
2004; Shimada et al., 2006; Silverstone et al., 2007). We
must be cautious in interpreting these data, however,
since it has not been clearly demonstrated that DELLA
is O-GlcNAcylated. There is an apparent contradiction,
since DELLA phosphorylation in spy mutants is
thought to cause increased GA signaling, whereas
EL1-directed DELLA phosphorylation is believed to
cause decreased GA signaling. It is possible that
DELLA is activated by phosphorylation as a feedback
mechanism to counteract excessive GA signaling due
to the spy mutation or that phosphorylation at different
amino acid residues may have different effects on
DELLA functions. Taken together, these studies sug-
gest that DELLA activity can be modified by post-
translational modification. Future work will need to
examine whether DELLA posttranslational modifica-
tion either alters GID1-DELLA binding affinity or is
influenced by the GID1 receptor.

DELLA CONTROLS PLANT GROWTH AND
DEVELOPMENT THROUGH INTERACTION WITH
MULTIPLE TARGET PROTEINS

DELLA is able to transmit multiple environmental
signals to control plant growth and development by
interacting with multiple targets that control gene
transcription. The idea that DELLA proteins regulate
transcription was originally based on nuclear locali-
zation and protein homology. Based on recent studies,
DELLA controls gene transcription through protein
interaction with specific transcription factor targets.
DELLA proteins are nucleus-localized homologs of
metazoan signal transducers and activators of tran-
scription (STAT) factors (Darnell, 1997; Peng et al.,
1997; Silverstone et al., 1998; Richards et al., 2000;
Ikeda et al., 2001). The GRAS functional domain of
DELLAs resembles STAT factors in that it contains two
Leu heptad repeat domains (LHR1 and LHR2; also
called Leu-rich or LZ domains) and a Src Homology2
(SH2)-like domain (Fig. 2; Richards et al., 2000).
Additional GRAS subdomains PFYRE and SAW corre-
spond roughly to the SH2-like domain. DELLA regulates
transcription, given that most of the GA-regulated tran-
scriptome is DELLA regulated in seeds, seedlings, and
flowers (Cao et al., 2006; Zentella et al., 2007; Gallego-
Bartolomé et al., 2011). Chromatin immunoprecipitation
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(ChIP) experiments showed that the Arabidopsis
DELLA RGA localizes to the promoter regions of 18
early-DELLA-regulated genes (Zentella et al.,, 2007).
Since all of these genes were GA down-regulated and
DELLA up-regulated, it was hypothesized that DELLA
functions as a transcriptional activator of repressors of
GA signaling, such as the activator of abscisic acid bi-
osynthesis, XERICO (Zentella et al., 2007). That the
DELLA domain required to activate transcription in a
yeast one-hybrid assay is also required for function as a
negative regulator of stem elongation in rice provides
circumstantial evidence in favor of this hypothesis
(Hirano et al., 2012). Since DELLA showed no more than
3.5-fold enrichment at any early DELLA-regulated
promoters, it was proposed that DELLA acts through
interaction with DNA-binding proteins (Zentella et al.,
2007). Subsequently, DELLA protein was found to in-
teract directly with transcriptional regulators PIF3 (for
PHYTOCHROME INTERACTING FACTOR3), PIF4,
JAZ1 (for jasmonate ZIM domainl), and SCL3 (for
SCARECROW-LIKE3) in planta and is believed to in-
teract with ALCATRAZ (ALC), SPT (for SPATULA),
PIF1/PIL5 (for PIE-LIKE), and PIL2 based on yeast two-
hybrid assays (de Lucas et al., 2008; Feng et al., 2008;
Arnaud et al., 2010; Gallego-Bartolomé et al., 2010; Hou
et al.,, 2010; Heo et al., 2011; Zhang et al., 2011). It is
interesting that DELLA protein interaction with JAZ1
and PIF4 requires the LHR1 domain, since mutations
in the LHR1 domain result in a gain-of-function GA-
insensitive phenotype (Itoh et al., 2002; de Lucas et al.,
2008; Wang et al., 2009; Hirano et al., 2010; Hou et al.,
2010). In every case where a DELLA-target protein in-
teraction has been well characterized, it appears that
DELLA interferes with the ability of a DNA-binding
protein to activate or repress a target promoter (Fig.
3A). This does not support the model that DELLA is a
transcriptional activator of repressors of GA signaling.
Future work will need to (1) examine if DELLA can
serve either as a repressor or as a coactivator of gene
transcription depending on specific target interactions,
and (2) examine how DELLA is able to interact with so
many target proteins. Given that the N-terminal region
of DELLASs is an intrinsically disordered region, it is
possible that the DELLA intrinsically disordered region
facilitates multiple protein interactions (Sun et al., 2010).
Such disordered regions have structural flexibility en-
abling specific but low-affinity interactions with multi-
ple proteins (for review, see Sun et al., 2012). Below, the
role of DELLA-target protein interactions in the tran-
scriptional control of plant growth and development is
discussed with an emphasis on biochemically verified
target proteins (Table I).

DELLA RGA protein negatively regulates the GRAS
family transcription factor SCL3. SCL3 is a positive
regulator of GA signaling, since loss of scI3 function
results in mild GA-insensitive phenotypes, including
reduced seed germination, shoot elongation, and root
elongation (Heo et al., 2011; Zhang et al., 2011). SCL3
and DELLA appear to act in opposition to each other
based on the facts that (1) DELLA RGA binds to SCL3

88

A _—— DELLA——__
1 A1 1

JAZ1 PIF1 PIF4 SCL3
MYC2 Light Dark GA
l Induced Induced Repressed
Genes Genes Genes
JA
Induced
Genes
B/~ Ve YT )

L L
AV/,
PIF £
QJAV

J_ Proteosomal

greening growth | greening growth Degradation

. _ AN A
Dark Dawn Light

g1

Figure 3. A, Downstream DELLA targets negatively regulated through
confirmed protein-protein interactions with DELLA. B, Suggested
model for DELLA modulation of PIF activity in response to light and the
clock. In the night, GA and GID1 levels are highest, thus repressing
DELLA’s ability to negatively regulate PIF. PIF mRNA levels rise during
the night, leading to rapid hypocoty| growth before morning. At dawn,
a drop in GID1 levels results in DELLA stabilization and repression of
PIF, leading to greening and slower growth. In the day, red light actives
Pfr, which phosphorylates PIF, leading to PIF destruction via the
ubiquitin-proteasome pathway. Lack of PIF blocks hypocotyl growth.

protein, thereby blocking SCL3 repression of its own
promoter, and (2) SCL3 negatively regulates the
DELLA-activated genes SCL3, GA20ox2, and GA3ox1
(Zhang et al., 2011). Curiously, SCL3 was originally
thought to be a DELLA-activated negative regulator
of GA signaling, because ChIP and microarry ana-
lyses indicated that the SCL3 promoter is a direct
DELLA target showing GA down-regulated/DELLA
up-regulated mRNA expression (Zentella et al., 2007).
Possibly, microarray data gave a false impression,
because the GA down-regulated/DELLA up-regulated
expression pattern is actually a negative feedback re-
sponse. It is interesting that DELLA functions through
interaction with the SCL3 GRAS protein, given that
rice DELLA SLR1 can interact with itself in yeast two-
hybrid analysis and that some DELLA-less GRAS
genes can functionally replace DELLA SLR1 function
in rice (Itoh et al., 2002, 2005b). Future research will
need to investigate whether DELLA functionally in-
teracts with other GRAS proteins.

DELLA regulates the response to pathogens through
direct protein interaction with JAZ1, a repressor of
jasmonate (JA) signaling. An initial study suggested
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that Arabidopsis DELLA genes play a role in defense,
because the defense elicitor flagellin 22 appears to
block plant growth by stabilizing DELLA RGA-GFP
protein and because DELLAs are needed to induce
defense-related gene expression in response to methyl-
JA (Navarro et al., 2008). This evidence that DELLA is
involved in JA and disease responses is interesting in
light of the fact that DELLA regulates JA-responsive
genes and physically interacts with JAZ1 protein (Hou
et al,, 2010). JAZ1 repression of JA-responsive genes is
lifted when JA binding to the COIl receptor and E3
ubiquitin ligase facilitates COI1-JAZ protein interaction,
leading to JAZ proteolysis via the ubiquitin-proteasome
pathway. In the absence of JA, JAZ1 binds the transcrip-
tional activator MYC2, thereby repressing JA-inducible
gene expression involved in wound and immune re-
sponses as well as the repression of root elongation.
In the absence of GA, DELLA binds JAZ1, thereby
blocking its ability to bind and inhibit MYC2 (Fig. 3A).
This, in turn, leads to shorter roots and the expression
of JA and wound-induced genes. Thus, DELLA acts as
a positive regulator of JA response by blocking JAZ1
repressor action through protein-protein interaction.

GA signaling modulates growth responses to dark-
ness through the DELLA protein. In the dark, seed-
lings become etiolated through skotomorphogenesis,
growing long hypocotyls with an apical hook and
failing to turn green, whereas seedlings grown in light
show photomorphogenesis, resulting in short hypo-
cotyls and expanded green cotyledons. GA signaling
mediates some developmental responses to dark ver-
sus light. The LONG HYPOCOTYL5 (HY5) gene pro-
motes photomorphogenesis in the light, and the
PHYTOCHROME INTERACTING FACTOR3 (PIF3)
and PIF4 genes promote skotomorphogenesis in the
dark. GA signaling appears to negatively regulate HY5
protein stability in the dark, presumably through in-
creased CONSTITUTIVE PHOTOMORPHOGENIC1
(COP1) activity (Alabadi et al., 2008). COP1 is an E3
ubiquitin ligase that targets the HY5 protein for de-
struction. In red light, the basic-helix-loop-helix ((HLH)
transcription factors PIF3 and PIF4 interact with the Pfr
form of phytochrome, which in turn leads to their de-
struction through the ubiquitin-proteasome pathway. In
the dark, PIF3 and PIF4 activate transcription that
stimulates hypocotyl growth and skotomorphogenesis
(Huq and Quail, 2002; Park et al, 2004). GA and
DELLA modulate this growth in the dark through the
DELLA-PIF protein-protein interaction (Fig. 3A; de
Lucas et al., 2008; Feng et al., 2008). In the absence of
GA, DELLA binds to PIF3 and PIF4, blocking their
ability to activate the transcription of genes involved in
hypocotyl elongation. Electrophoretic mobility shift
assays showed that DELLA can interfere with the
ability of PIF4 to bind target promoter DNA (de Lucas
et al., 2008). GA stimulates hypocotyl growth in the
dark by targeting DELLA for destruction, thereby
stimulating PIF protein function.

DELLA and PIFs also appear to have opposing effects
on genes involved in greening and photosynthesis
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(Cheminant et al., 2011). ChIP indicates that in the dark,
PIF1 protein directly binds the promoter and represses
the expression of CONDITIONAL CHLORINA (CHLH),
a gene involved in chlorophyll biosynthesis. Genetic
evidence suggests that DELLA proteins block the
ability of PIF1 to repress CHLH in the dark. The role of
DELLA in controlling gene expression involved in
photosynthesis is interesting in light of the fact that
GID1, DELLA, and PIF4 are regulated by the circadian
rhythm (Nozue et al., 2007; Michael et al., 2008; Arana
et al., 2011). GID1a and GID1b mRNA levels are very
low at dawn, whereas DELLA protein levels are lowest
at night, rise just after dawn as GID1 levels decrease,
and are highest in the light, when photosynthesis-
related gene expression is needed (Arana et al,
2011). PIF4 and PIF5 protein levels are highest at the
end of the night, when seedlings show their fastest
growth rate (Nozue et al., 2007). We suggest a varia-
tion on the model proposed by Feng et al. (2008), in
which DELLA inhibits PIF function at the transition
from night to day (Fig. 3B). PIF4 is most active in
stimulating seedling growth just before dawn, and
GID1 mRNA levels decrease at dawn, leading to in-
creased DELLA protein levels and repression of PIF4,
until the ratio of red to far-red light increases suffi-
ciently to trigger PIF4 destruction through interaction
with the Pfr form of phytochrome.

DELLA also appears to participate in fruit devel-
opment through interaction with another bHLH pro-
tein, ALC, in Arabidopsis (Arnaud et al., 2010). GA
and ALC both stimulate differentiation of the separa-
tion layer in the silique value margin. The fact that the
DELLA proteins RGA, GAI, and RGL2 interact with
the ALC protein in yeast two-hybrid and bimolecular
fluorescence complementation assays suggests that
DELLA may block the ALC activation of promoters
involved in this process by direct protein interaction.
According to this model, GA stimulates fruit devel-
opment in part by lifting DELLA repression of ALC.

GA stimulates and DELLA represses plant growth
both through effects on cell expansion and division.
GA stimulates the expression of enzymes involved in
cell wall loosening and genes controlling cell division
and also stimulates microtubule rearrangements asso-
ciated with cell expansion (Ogawa et al., 2003; Achard
et al., 2009; Sambade et al., 2012). GA appears to stim-
ulate cell expansion in part through effects on down-
stream auxin transport and signaling. PIN-FORMED
(PIN) auxin efflux transporter gene expression is re-
pressed by the gene SHY?2, which in turn is activated
by the ARRI transcription factor (Moubayidin et al.,
2010). DELLA RGA indirectly activates ARR1 tran-
script accumulation, making DELLA a repressor of
PIN. GA stimulates PIN expression through DELLA
destruction. Consistent with this idea, Willige et al.
(2011) found that GA biosynthesis and signaling are
required for efficient auxin transport and appropriate
accumulation of PIN1, -2, -3, and -4 proteins. That
auxin controls cell expansion downstream of GA sig-
naling is supported by microarray data showing that
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PIF genes control both GA- and auxin-regulated gene
sets (Gallego-Bartolomé et al., 2011; Nozue et al., 2011).
GA stimulates cell division in part by lifting the
DELLA repression of STUNTED, a receptor-like cyto-
plasmic kinase that stimulates cell proliferation by
repressing cyclin-dependent kinase inhibitor genes (Lee
et al., 2012). Thus, GA regulates cell division and expan-
sion through multiple DELLA-regulated mechanisms.

CONCLUSION

Many fresh avenues for research on GA signaling
have developed since it was first proposed that GA
functions by targeting DELLA repressors for destruc-
tion, acting as a negative regulator of a negative reg-
ulator. Major recent advances have demonstrated that
GA stimulates GID1-DELLA protein interaction, pro-
posed GA signaling mechanisms that are independent
of DELLA proteolysis, characterized DELLA posttrans-
lational modifications, and identified multiple down-
stream DELLA target proteins of diverse function.
These advances suggest multiple areas for further re-
search. (1) Genetic evidence suggests a functional in-
teraction between DELLA and SPY. It remains to be
determined whether DELLA is O-GIcNAc modified
and whether this is needed for DELLA repression ac-
tivity. (2) DELLA repression is stimulated by DELLA
phosphorylation, but it is not known if phosphoryla-
tion at different residues has different effects on func-
tion. (3) Future research will need to address whether
posttranslational modification alters the ability of DELLA
to bind GID1 or downstream protein targets SCL3,
JAZ1, PIF3, and PIF4. It is not known whether the GID1
protein regulates either DELLA posttranslational modi-
fication of downstream protein-protein interactions. (4)
DELLA controls plant development through diverse
factors, including the ZIM domain protein JAZ1 and
transcription factors of the bHLH and GRAS families.
The mechanisms enabling and controlling such diverse
protein interactions remain largely unexplored. (5) The
mechanisms by which DELLA interferes with target
protein activity need further exploration. DELLA may
behave as a coactivator of gene transcription, but char-
acterization of DELLA function as a coactivator of
transcription at a natural promoter is still needed. (6)
The relative role of proteolytic and nonproteolytic
mechanisms for lifting DELLA repression need to be
further elucidated.
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