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Plants survive adversity by modulating their growth in response to changing environmental signals. The
phytohormone Gibberellic acid (GA) plays a central role in regulating these adaptive responses by stimulating the
degradation of growth repressing DELLA proteins which accumulate during stress. The current model for GA signaling
describes how this hormone binds to its receptor GID1 so promoting association of GID1 with DELLA, which then
undergoes ubiquitin-mediated proteasomal degradation. Recent data revealed that conjugation of DELLAs to the Small
Ubiquitin-like Modifier (SUMO) protein enables plants to modulate its abundance during environmental stress. This is
achieved by SUMOylated DELLAs sequestering GID1 via its SUMO interacting motif (SIM) allowing non-SUMOylated
DELLAs to accumulate leading to growth restraint under stress and potential yield loss. We demonstrate that GID1
proteins across the major cereal crops contain a functional SIM able to bind SUMO1. Site directed mutagenesis and
yeast 2 hybrid experiments reveal that it is possible to disrupt the SIM-SUMO interaction motif without affecting the GA
dependent DELLA–GID1 interaction and thereby uncoupling SUMO–mediated inhibition from DELLA degradation.
Arabidopsis plants overexpressing a SIM mutant allele of GID1 perform better at relieving DELLA restraint than wild–
type GID1. This evidence suggests that manipulating the SIM motif in the GA receptor may provide a possible route to
developing stress tolerant crops plants.

DELLA proteins are the central repressors of molecular path-
ways governed by the growth promoting phytohormone GAs.1-4

Current evidence indicates that a key strategy employed by plants
to survive adverse conditions is to restrain growth and develop-
ment by increasing the abundance of DELLAs.5,6 GAs play a key
role regulating these adaptive responses by stimulating the degra-
dation of DELLA proteins. The integrative role of DELLAs is
heavily reliant on the plant’s ability to control DELLA protein
levels. Until recently the only mechanism for regulating DELLA
protein abundance was through modulating the levels of GA to
trigger ubiquitin-mediated proteasomal degradation. Several
other ubiquitin-like proteins have been described in plants
including the Small Ubiquitin-like Modifier (SUMO) that can
act to stabilize the proteins with which it is conjugated.7 In some
cases SUMO proteases remove this protein tag to destabilize the
de-conjugated protein.7

In Conti et al. (2014),8 we reported a new mechanism for
modulating DELLA protein abundance independent of GA. We
demonstrated that a proportion of DELLAs are conjugated to
SUMO. DELLAs are more abundant in Arabidopsis plants

deficient in SUMO protease activity overly tolerant to salt 1 and 2
(ots1 ots2 double mutants), despite no changes in GAs accumula-
tion or DELLA genes transcript levels. DELLA accumulation
during salt stress conditions is accompanied by a rapid increase
in SUMO conjugated DELLA and this effect is enhanced in ots1
ots2.8 Increasing OTS SUMO protease activity results in strongly
reduced DELLA accumulation and consequently, increased
growth in a GAs deficient background. Similarly overexpressing
GID1 can reverse growth restraint mediated by high DELLA lev-
els in ots1 ots2. We identified a SUMO interacting motif (SIM)
in GID1 and demonstrate that SUMO conjugated DELLA binds
to this motif in a GA-independent manner.8 The consequent
sequestration of GID1 by SUMO–conjugated DELLAs leads to
an accumulation of non-SUMOylated DELLAs and subsequent
growth restraint during stress. A key aspect of our study was the
identification of a SIM in GID1a. We also observed that a core
SIM motif is highly conserved among the GID1 GA receptors
across the major cereal crop species (Fig. 1A). However we noted
that the amino acid sequence surrounding the core SIM motif is
variable which could affect SIM activity. We generated peptides
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that match the extended SIM sites (bold and blue, Fig. 1A) and
demonstrated by Far Western experiments that all these motifs
are functional SUMO binding peptides using Arabidopsis
SUMO1 protein as a prey. This remarkable conservation of the
SIM site in GID1 from divergent plant species is consistent with
this mechanism playing a critical role in DELLA signaling.

Our previous data allowed us to postulate that a relatively
small pool of SUMOylated DELLA could stabilize the larger
pool of unmodified DELLA by titrating out GID1a protein via
the SIM motif. This was confirmed in ots1 ots2 lines overexpress-
ing GID1a which overcame growth restriction in salt and sensi-
tivity to the GA-biosynthesis inhibitor paclobutrazol (PAC) due
to increased DELLA levels. Furthermore overexpressing a variant
GID1a with its SIM site disrupted (GID1aV22A) further
enhanced ots1 ots2 growth under both control and salt conditions
compared to the overexpression of wild–type GID1a. We now
show that even in wild type genetic background (Col-0) over
expressing GID1aV22A was more efficient in reducing sensitivity

to PAC during germination compared to overexpressing wild
type GID1 alone (Fig. 1B). Immunoblotting data indicated that
the levels of GID1 and GID1aV22A proteins were comparable
suggesting that the observed phenotype is not due to variability
in protein levels (Fig. 1C).

Plants over-expressing GID1aV22A were better at rescuing the
salt stress induced inhibition of growth and relieving sensitivity
to PAC than overexpressing GID1a. We attributed this effect to
reduced interaction of the GID1aV22A with the SUMO groups
of SUMOylated DELLA proteins, which act to sequester the
GID1a receptor molecule and prevent it from directing the deg-
radation of DELLA proteins. However any alteration on the GA
receptor could have unwanted side effects such as increased?
DELLA or GA binding and the observed phenotypes could be
thus due to alternative mechanisms. We therefore wanted to con-
firm that GID1aV22A protein was still able to bind to DELLA
proteins in the presence of GAs and therefore still able to direct
DELLA degradation.

Figure 1. (A) Far Western interaction assays of GID1 SIMs from various plant species. The figure shows the amino acid alignment of the SIM regions in the
GID1 protein among the indicated plant species. Sequences in bold were synthesized as peptides and tested for interaction with SUMO1 by Far Western
blotting. Sequences in blue indicate core region in the SIM motifs in the various GID1 proteins. At; Arabidopsis; Os, Oryza Sativa; Ta, Triticum aestivum;
Zm, Zea mays. (B) Germination assay of Wildtype (Col-0), HA:GID1a and HA:GID1aV22A overexpressing lines under various concentrations of PAC. The
figure shows the percentage of seeds with an emerged cotyledon 2 days after stratified seeds were exposed to light. 35S:GID1aV22A lines show a statisti-
cally significantly higher germination rate than the 35S:GID1a and the Col-0 lines (P < 0.02). n » 200 seeds /treatment/line. (C) Western blot showing lev-
els of HA epitope tagged GID1a and GID1aV22A proteins in the transgenic Arabidopsis lines. Two transgenic lines for each construct show similar protein
expression levels as detected by anti-HA antibodies (WB: anti-HA). A transgenic line expressing HA tagged OTS1 was used a HA epitope control for the
Western blots. The lower panel shows the same blot that had been Coomassie stained to indicate equal protein loading in each lane.
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Yeast two hybrid experiments using the DELLA protein RGA
as prey and GID1a, GID1aV22A and GID1aV22S as bait shows
RGA can bind to the mutagenized versions GID1a and this inter-
action retains its dependence on presence of GA3 (Fig. 2). How-
ever, even though yeast-2-hybrid experiments are semi quantitative
at best, there appears to be a trend in the level of interaction with
the native GID1a protein showing the strongest interaction, fol-
lowed by the GID1aV22A mutant which was used in our previous
study, which shows weak yeast growth under 5 mM of the inhibi-
tor 3-Amino-1,2,4-triazole. Finally the GID1aV22S mutant shows
the weakest interaction of all, with very little or no yeast growth
under the 5 mM 3-AT. The yeast-2-hybrid experiment was
repeated a further 2 times with different yeast clones and the
results showed the same trend in interaction strength.

It has been established that GA–bound GID1 enhances ubiq-
uitination and proteasomal degradation of DELLAs by promot-
ing DELLA binding to the F-Box E3 ubiquitin ligase, SLY1. In
this context GID1 plays a crucial link between the hormone and
ubiquitin mediated degradation of DELLA repressor proteins.
The results reported here and in Conti et al. (2014)8 support the
conclusion that there is an alternative mechanism for DELLA
proteins to recognize the GA receptor GID1 via the SIM-SUMO
interaction. Our study also establishes that SUMOylation can be
recruited to block GID1 receptor access to the DELLA motif in
a novel manner. Ueguchi-Tanaka et al. (2007)9 showed that a
triple alanine substation in the SIM region of the rice GID1
(20T - 22A) abolished the binding of the rice DELLA protein
SLR but not the binding of GA3. Interestingly the SIM motif
region in GID1 overlaps with the N-terminal ‘lid’ region that
covers the GA docking pocket within the receptor. It is therefore
tempting to speculate that binding of SUMOylated proteins to
GID1 may also interfere with GA access to GID1 and conse-
quently its binding DELLA proteins. Our yeast 2 hybrid results
indicate that a single amino substitution in GID1aV22A does not
abolish interaction with DELLA proteins nor GAs and supports
the model that this protein mutant can direct the degradation of
DELLA proteins but is released from inhibition by SUMO. The
evidence suggests that the GID1aV22A protein is resistant to inhi-
bition by SUMOylated DELLA and could target DELLA pro-
teins for degradation even under low GA levels (i.e under stress
conditions). The identification of these critical residues within
the novel SIM motif in GID1 can potentially lead to fine tuning
plant responses to salt or other stresses and could be used to gen-
erate stress resistant varieties of crop plants by manipulating spe-
cific amino acids in the GA receptor.
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Figure 2. Yeast 2 hybrid assays showing the interaction between the
RGA DELLA protein with GID1 or GID1aV22A or GID1aV22S SIM mutant pro-
teins. The letters -L -W and -H correspond to media lacking Leucine, Tryp-
tophan and Histidine respectively.
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