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GIBBERELLIN INSENSITIVE DWARF1
encodes a soluble receptor for gibberellin
Miyako Ueguchi-Tanaka1*, Motoyuki Ashikari1*, Masatoshi Nakajima2*, Hironori Itoh1, Etsuko Katoh3,
Masatomo Kobayashi4, Teh-yuan Chow5†, Yue-ie C. Hsing5, Hidemi Kitano1, Isomaro Yamaguchi2,6

& Makoto Matsuoka1

Gibberellins (GAs) are phytohormones that are essential for many developmental processes in plants. It has been
postulated that plants have both membrane-bound and soluble GA receptors; however, no GA receptors have yet been
identified. Here we report the isolation and characterization of a new GA-insensitive dwarf mutant of rice, gid1. The GID1
gene encodes an unknown protein with similarity to the hormone-sensitive lipases, and we observed preferential
localization of a GID1–green fluorescent protein (GFP) signal in nuclei. Recombinant glutathione S-transferase
(GST)–GID1 had a high affinity only for biologically active GAs, whereas mutated GST–GID1 corresponding to three gid1
alleles had no GA-binding affinity. The dissociation constant for GA4 was estimated to be around 1027M, enough to
account for the GA dependency of shoot elongation. Moreover, GID1 bound to SLR1, a rice DELLA protein, in a
GA-dependent manner in yeast cells. GID1 overexpression resulted in a GA-hypersensitive phenotype. Together, our
results indicate that GID1 is a soluble receptor mediating GA signalling in rice.

Gibberellins (GAs) are a large family of tetracyclic, diterpenoid plant
hormones that induce a wide range of plant growth responses
including seed germination, stem elongation, leaf expansion, pollen
maturation and induction of flowering1. Although the biosynthesis
of GA has been well characterized2,3, little is known about how
plants perceive GA and how the GA signal is transmitted to cause
GA-regulated plant growth.

A rice mutant, slender rice1 (slr1), shows a constitutive GA
response phenotype4,5. The SLR1 gene encodes a putative transcrip-
tional regulator orthologous to Arabidopsis GAI6 and RGA7, wheat
Rht, maize D8 and barley SLN8. These proteins are referred to as the
DELLA subfamily of the GRAS regulatory protein family because
they share a conserved sequence called DELLA. DELLA proteins have
been suspected to function as suppressors of GA signalling because
their degradation triggers various GA responses in planta9. Recently,
we isolated and characterized a rice GA-insensitive dwarf mutant,
gid2 (ref. 10). The GID2 gene encodes a putative F-box subunit of an
SCF E3 ubiquitin ligase that interacts with a rice Skp1 homologue
in the yeast two-hybrid assay11. Moreover, high levels of SLR1
accumulation were observed in the gid2 mutants. On the basis of
these observations, we proposed that GA treatment induces the
degradation of SLR1 through the SCFGID2-proteasome pathway.

However, molecular mechanisms of GA perception have yet to be
clarified. The biochemical properties of GA, which is a hydrophobic
carboxylic acid, indicate that it is soluble in the intercellular and
intracellular compartment of plant cells as a carboxylate anion, and
that it may cross the plasma membrane by passive diffusion as a
protonated acid12. Therefore, it has been postulated that plants have
both membrane-bound and soluble GA receptors. Although there
are some reports of detection of GA-binding proteins by biochemical
approaches13,14, these proteins have not been isolated, nor is there

corroborating genetic evidence that these binding proteins act as GA
receptors.

In order to investigate the GA signalling mechanism, we screened
rice gid mutants and identified several gid mutations at different loci.

Rice gid1 mutant has a GA-insensitive phenotype

One of the mutants, gid1-1, had a severe dwarf phenotype with wide,
dark-green leaf blades (Fig. 1a), typical of rice GA-related
mutants3,10,15. The mutant was inherited in a recessive manner and
did not develop fertile flowers; thus it had to be maintained as a
heterozygote. So far, we have isolated four different alleles. Three of
them, gid1-1, gid1-3 and gid1-4, show similarly severe dwarfism,
whereas the remaining one, gid1-2, has a slightly milder phenotype
than the others (data not shown). gid1-1 plants do not exhibit any of
the GA-responsive phenotypes we examined, including elongation of
the second leaf sheath (Fig. 1b) and induction of a-amylase activity
in seeds (Fig. 1c). Negative feedback16 in the expression of the GA
biosynthetic gene SD1 (also known as OsGA20ox2, ref. 17) by GA3

was observed in wild type but not in gid1-1 plants (Fig. 1d). We also
measured the endogenous levels of GAs and found that gid1-1 and
gid1-2 accumulate at about 120 (Fig. 1e) and 95 times (data not
shown) the level of GA1 found in wild-type plants, respectively. These
results demonstrated that gid1 is a GA-insensitive mutant.

SLR1 is epistatic to GID1 and is not degraded in the gid1 mutant

A gid1-1/slr1-1 double mutant exhibited the slr1-1 phenotype
(Fig. 2a), indicating that GID1 and SLR1 function in the same GA
signalling pathway and that SLR1 is epistatic to GID1. GA-dependent
degradation of SLR1 is essential for GA action, and if degradation is
inhibited, plants show the GA-insensitive phenotype10. Immunoblot
analysis of the SLR1 protein showed that GA3 treatment induced
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complete degradation of SLR1 within 30 min in the wild type (Fig. 2b,
top panel). In gid1-1, SDS–polyacrylamide gel electrophoresis gave
two bands corresponding to the non-phosphorylated (lower band)
and phosphorylated (upper band) forms of SLR1 (refs 10, 18; Fig. 2b,
top panel). The intensity of these bands was stronger in gid1-1 plants
than in wild-type plants. Furthermore, GA treatment did not
diminish the amount of SLR1 in gid1-1 plants whereas it did so in
the wild type (Fig. 2b, top panel). Enhanced SLR1 stability in gid1-1
mutants was also confirmed in transgenic plants producing SLR1
promoter–SLR1–GFP. The GFP signal was observed in nuclei of
gid1-1 cells after GA3 treatment, but not in wild-type nuclei (Fig. 2b,
bottom panels), demonstrating that GID1 is essential for SLR1
degradation.

gid1 resembles cps but not gid2 in SLR1 accumulation

The failure of gid1-1 mutants to degrade SLR1 (Fig. 2b) suggests that
GID1 is either directly involved in the degradation of SLR1, as is
GID2 (ref. 10), or that it acts earlier in the GA signalling cascade. In
order to investigate the position of GID1 in the GA signalling
cascade, we compared the phenotype of gid1-3 to that of GA-related

mutants such as gid2-2, which is defective in SLR1 degradation, and
cps, which is defective in the GA synthesis enzyme copalyl diphos-
phate synthase. Although we found dwarfism to be less severe in
gid2-2 than in cps and gid1-3 (Fig. 2c, top panel), the amount of
SLR1 accumulated in gid2-2 was much higher than in cps and gid1-3
(Fig. 2c, middle panel). This indicates that the SLR1-dependent
suppression of GA action is weaker in gid2-2 than in cps and gid1-3
mutants. Because the cps mutant is unable to produce active GAs, GA
signalling cannot be initiated endogenously in this mutant. In
contrast, the GA signal will be able to reach SLR1 in gid2-2, but no
degradation of SLR1 will occur in this mutant. Therefore we
speculate that the SLR1-dependent suppression of GA response
may be regulated by GA itself, and that SLR1 may be less effective
in gid2-2 compared to cps, where there is no endogenous GA. Because
the phenotype of gid1-3 was similar to cps but not to gid2-2 with
respect to dwarfism and SLR1 accumulation, the GA signal may not
reach SLR1 in gid1-3mutants. Thus, GID1 may have a function in the
perception of GA rather than in SLR1 degradation.

GID1 encodes an unknown protein with similarity to HSLs

To understand the molecular function of GID1, we isolated GID1 by
positional cloning (Supplementary Fig. S1). The GID1 gene contains
one intron and two exons, and encodes a 354-amino-acid polypep-
tide (Fig. 3a, b), which was confirmed by sequencing full-length

Figure 1 |GA-insensitive phenotype of gid1-1. a, Grossmorphology of wild-
type (left) and gid1-1 (right) plants. Scale bar, 10 cm. Inset: higher
magnification of gid1-1. Scale bar, 1 cm. b, GA3-induced elongation of the
second leaf sheath (mean ^ s.d.; n ¼ 10). c, GA3 induction of a-amylase
activity in embryoless half seeds. d, RNA gel blot analysis of SD1 (also
known as OsGA20ox2). Total RNAwas extracted from seedlings grown with
(þ) or without (2) 1026M uniconazol (Uni), a GA biosynthesis inhibitor,
for 2weeks and then treated with (þ) or without (2) 1025M GA3. EtBr
shows rRNA bands as a loading control. e, GA levels (ng per gram fresh
weight) in the wild type (WT) and gid1-1 mutant. Representative results
from one of three independent experiments are shown.

Figure 2 | The slr1-1/gid1-1 double mutant has the slr1-1 phenotype.
a, Epistatic analysis of gid1-1 and slr1-1 mutants. Scale bar, 10 cm.
b, GA-mediated SLR1 degradation. Top panel: western blot analysis of SLR1.
Two-week-old seedlings were grown with 1026M uniconazol and then
treated with 1024M GA3 for the period indicated. Ten micrograms of total
protein was applied in each lane. SLR1-P, phosphorylated SLR1; SLR1, non-
phosphorylated SLR1. Middle panel: CBB control. Bottom panel: GFP
fluorescence in the wild type and gid1-1 mutant carrying SLR1
promoter2SLR12GFP. Plants were grown with 1026M uniconazol and
then treated with (þ) or without (2) 1024MGA3 for 12 h. Scale bars, 5 mm.
c, Comparison between wild type, gid1-3, gid2-2 and cps. Top panel: gross
morphology. Scale bar, 10 cm. Middle panel: western blot analysis of SLR1.
Ten micrograms of total protein was applied in each lane. Bottom panel:
CBB control.
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complementary DNA. The four gid1 alleles had single-nucleotide
substitutions in the coding region (gid1-1 and gid1-2) or internal
deletions between intron 1 and exon 2 (gid1-4) or in exon 2 (gid1-3)
(Fig. 3a, b). Introduction of the GID1-containing 6.7-kilobase (kb)
Pst1 genomic fragment into the gid1-1 mutant restored the normal
phenotype (data not shown). A database search revealed that there is
no gene homologous to GID1 in rice, whereas there are three
homologues in Arabidopsis, which are annotated as unknown pro-
teins. An NCBI Conserved Domain Search indicated that GID1
shares homology with the consensus sequence of the hormone-
sensitive lipase (HSL) family19 (Fig. 3c), including the conserved
HSL motifs HGG and GXSXG20,21 (filled circles in Fig. 3c). The
importance of the GXSXG motif is highlighted by the severe

phenotype of gid1-1, a single amino acid exchange mutant in
which the first G of this motif is replaced by D (Fig. 3b). Three
conserved amino acids, S, D and H, form the catalytic triad in the
HSL family22 (filled squares in Fig. 3c). Two of them, S and D, were
also conserved in GID1, whereas the third, H, was replaced by V. As
this amino acid, H, is essential for HSL catalytic function22, GID1
should be expected to lack the enzyme activity. In fact, recombinant
GID1 did not hydrolyse p-nitrophenyl acetate (data not shown),
which is an artificial substrate for HSL proteins. Transgenic
GID1–GFP protein expressed under the control of the rice actin
promoter (pAct1) was primarily localized in nuclei, with a fainter
cytosolic signal (Fig. 3d). This cellular localization did not change
with uniconazol or GA3 treatment.

GID1 is a soluble GA receptor

To examine the postulated involvement of GID1 in the perception
of GA, we studied the interaction between recombinant GST–GID1
and radioactive GA using a non-equilibrium gel-permeation
technique14. GST–GID1 bound to [1,2,16,17-3H4]16,17-dihydro-
GA4 (3H4-16,17-dihydro-GA4), and most of the binding was replace-
able with excess unlabelled GA4, indicating that the competition was

Figure 3 | Structure of GID1. a, Structure of theGID1 gene and its mutation
sites in the four gid1 alleles. The GID1 gene consists of two exons (thick
lines) and one intron (thin line). Nucleotide deletions and substitutions in
the four gid1 alleles are indicated. b, The deduced amino acid sequence of
GID1. The gid1-1, gid1-2 and gid1-3 mutations are also indicated.
c, Comparison of amino acid sequences between GID1 and the HSL
consensus sequence. Filled circles and squares represent conserved regions
and the catalytic triad in the HSL family, respectively. Numbers indicate the
position from the start codon. d, GFP fluorescence in leaf sections of
transgenic rice carrying actin1 promoter2GID12GFP. Plants were treated
with 1026M uniconazol (þUni) or 1025M GA3 (þGA3) for 1week. The left
panel represents DAPI staining of the central image. Scale bars, 5 mm.

Figure 4 | GA-binding properties of GID1. a, GA-binding saturability of
GST2GID1. GST2GID1 was incubated with 6 pmol 3H4-16,17-dihydro-
GA4 and increasing concentrations of unlabelled 16,17-dihydro-GA4

(mean ^ s.d.; n ¼ 3). Total binding of 16,17-dihydro-GA4 (labelled plus
unlabelled) was calculated from labelled ligand binding. b, Scatchard plot of
binding data in a. Kd values were calculated from three independent
experiments (R2 ¼ 0.96). Data are mean ^ s.d., n ¼ 3. c, Association/
dissociation rates of 3H4-16,17-dihydro-GA4 and GST2GID1. Total binding
of 3H4-16,17-dihydro-GA4 reached one-half of the maximum within 5min
(filled circles). Addition of the unlabelled GA4 (0.125mM, arrow) reduced
3H4-16,17-dihydro-GA4 binding to less than 10% within 5min (filled
triangles). d.p.m., disintegrations per minute. Data are mean ^ s.d.; n ¼ 3.
d, Top panel: the three mutated GST2GID1 proteins (GST2GID1-1,
GST2GID1-2 and GST2GID1-3) did not interact with GA4. GST, GST tag
alone. Data are mean ^ s.d.; n ¼ 3. Bottom: panel: CBB control. Dots
indicate the GST2GID1 proteins or GST tag alone on SDS–PAGE.
Approximately equal amounts of protein (about 3.2mg) were used for the
assay.
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GA specific (Supplementary Fig. S2a, b). Neither heat-denatured
GST–GID1 nor GST–GID2, an F-box protein involved in GA-
signalling10, had any specific binding activity (Supplementary
Fig. S2a, b). The GA-binding activity of native GID1 protein, with
the GST tag cleaved off and subsequently purified, was also detected
and it was slightly higher than that of GST–GID1 (Supplementary
Fig. S2a, c). The higher binding activity of native GID1 may be due to
a greater specific amount of purified native GID1 in the assay
solution.

We performed a kinetic analysis of GST–GID1 binding to GA by
determining binding saturability with various concentrations of
16,17-dihydro-GA4 (Fig. 4a). Scatchard plot analysis revealed that
the dissociation constant (K d) for 16,17-dihydro-GA4 was
1.4 £ 1026 M (Fig. 4b). We also examined the ligand specificity of
GST–GID1 by competition between 3H4-16,17-dihydro-GA4 and ten
GAs with differing biological activity (Supplementary Fig. S3).
Table 1 lists the concentration of each GA required for 50%
inhibition (IC50) of 3H4-16,17-dihydro-GA4 binding to GST–GID1.
GST–GID1 showed high affinity for biologically active GAs such as
GA4, 16,17-dihydro-GA4, GA1 and GA3, whereas it had low affinity,
or none at all, for biologically inactive GAs. These IC50 values were
generally consistent with the physiological activity of the different
GAs23, with the exception that the IC50 value of GA4 was smaller than
that of GA3, although the physiological activity of GA4 is lower than
that of GA3. Notably, GA3 has a double bond at the 2

0
-carbon

(Supplementary Fig. S3) that prevents GA3 inactivation through GA
2-oxidase24. In contrast to GA3, GA4 should be inactivated by GA
2-oxidase in planta, which explains the apparently low physiological
activity of GA4.

Because 3H4-16,17-dihydro-GA4 was the only tritiated ligand
available, we were unable to establish Kd values for other GAs.
Assuming that Kd values are similar to IC50, we estimate Kd values
for GA3 and GA4 to be about 4 £ 1026 M and 2 £ 1027 M, respect-
ively. The estimated Kd value for GA3 seems to be consistent or
slightly lower than the 50% response point of the dose–response
curve of GA-induced leaf elongation (Fig. 1b, see below).

The half-time for both association and dissociation between
GST–GID1 and 16,17-dihydro-GA4 was within 5 min (Fig. 4c),
indicating that these reactions occur very quickly. Rapid GA-binding
kinetics may be critical for soluble receptors because of the sensitivity
of the system to subtle alterations in intracellular GA concentrations,
which in turn have profound and compounding effects on gene
regulation. Such rapid receptor–ligand kinetics have also been
reported for mammalian soluble receptors25. The mutated
GST–GID1 proteins corresponding to the three alleles of the gid1
mutant (gid1-1, gid1-2 and gid1-3) had no GA-binding activity
(Fig. 4d). Thus, the single amino acid substitutions in GST–GID1-1
and GST–GID1-2, and the deletion in GST–GID1-3, cause a loss of
GA-binding ability, resulting in GA insensitivity.

If GID1 is a GA receptor, perception of GA by GID1 should be
transduced to SLR1, a downstream component of the GA signalling
pathway. We tested this prediction using a yeast two-hybrid assay.
GID1 interacted with SLR1 in yeast cells in the presence of GA3, but
not in GA3-free medium (Fig. 5a). This indicates that GID1 interacts
directly with SLR1 in a GA-dependent manner and probably trans-
duces the GA signal to SLR1, resulting in SLR1 degradation. We also
generated transgenic rice plants overproducing GID1 controlled by
pAct1, to see whether such plants show a GA-hypersensitive pheno-
type. The plants were tall with long, light-green leaves, fewer tillers
and poor fertilities compared with the control plants, all of which is
consistent with a GA overdose phenotype (Fig. 5b). Using the growth
of the second leaf sheath as an index, the sensitivity of these lines to
GA application was found to be about ten times higher than that of
control plants at the 50% response point of the dose–response curve
(Fig. 5c).

Discussion

We have described the cloning and characterization of a new GA
signal-related gene, GID1, from rice. We conclude that GID1 is
a soluble GA receptor from the following evidence: (1) loss-of-
function mutations in GID1 produce a severe dwarf phenotype
with loss of GA responsiveness; (2) GST–GID1 interacts with
biologically active GAs but not with inactive GAs with reasonable
dissociation constants; (3) mutated GST–GID1 proteins correspond-
ing to three gid1 alleles lack GA binding; (4) GID1 interacts with a rice
DELLA protein, SLR1, in a GA-dependent manner in transformed
yeast cells; and (5) overexpressors of GID1 show a GA-hypersensitive
phenotype.

Although GA-binding proteins have been described before, there
has been no genetic or biochemical evidence to link them with signal
transduction, making this the first identification, to our knowledge,
of a soluble GA receptor. However, our findings do not rule out
the possibility of an alternative membrane-bound GA receptor. The
GA-dependent induction of a-amylase in the aleurone layer shows a

Table 1 | Competition for 3H4-16,17-dihydro-GA4 binding to GID1 by GAs

GAs IC50 Relative percentage

Biologically active GAs*
GA4 2 £ 1027 M 100
H2-GA4 1 £ 1026 M 20
GA1 4 £ 1026 M 5
GA3 4 £ 1026 M 5
Weakly biologically active GAs*
GA35 1 £ 1025 M 2
GA37 2 £ 1025 M 1
Biologically inactive GAs*
GA4-Me 3 £ 1025 M 0.6
GA9 2 £ 1024 M 0.1
GA51 .2 £ 1024 M ,0.1
3-epi-GA4 .2 £ 1024 M ,0.1

H2-GA4, 16,17-dihydro-GA4; GA4-Me, GA4 methyl ester.
*Biological activities for various GAs are taken from ref. 23.

Figure 5 | Interaction between GID1 and SLR1, and the phenotype of a GID1
overexpressor. a, GID1 binds to SLR1 in a GA-dependent manner. Left:
b-galactosidase activity detected in a liquid assay with Y187 transformants
(mean ^ s.d.; n ¼ 3). Right: growth of HA109 transformants on a 2His
plate. b, Gross morphology of GID1-overexpressor and control plants. Scale
bar, 50 cm. c, Elongation of the sheath of the second leaf with exogenous GA3

(mean ^ s.d.; n ¼ 5).
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higher sensitivity to GA3 than GA-induced leaf sheath elongation
(Fig. 1c), suggesting that alternative receptors or other factors
cooperate with GID1 in aleurone cells12,26.

GID1 shares conserved motifs with the HSL family of proteins. At
present, we can only speculate about the functional implications and
evolutionary significance of these similarities. The conserved motifs
of the HSL family are crucial for the substrate–enzyme interactions of
these proteins. It seems possible that these motifs also mediate the
interaction of GID1 with GA. Structural analyses of GID1 will help to
reveal its molecular mechanism as a GA receptor.

On the basis of previous and current observations, we propose the
following model of GA signalling. A soluble GA receptor, GID1, is
present in the nucleus. When GID1 binds a biologically active GA
molecule, it attains the ability to interact with SLR1. As a conse-
quence of this interaction, SLR1 becomes degradable through the
SCFGID2 proteasome pathway. At present, the detailed molecular
mechanisms underlying this proposed scheme remain obscure. In
particular, it is unclear whether GA–GID1 induces stable confor-
mational changes in SLR1 that render the latter accessible to the
SCFGID2 complex, or whether the GA–GID1–SLR1 complex as a
whole is targeted by SCFGID2. The existence of such a relatively stable
GA–GID1–SLR1 complex might be indicated by the fact that the
in vitro binding affinity of GST–GID1 to GA3 seems to be slightly too
low to account for the GA dose-response curve of leaf elongation.

Recently, the F-box protein TIR1 was identified as an auxin
receptor27,28. TIR1 directly interacts with auxin to promote its
conformational change that favours Aux/IAA binding. GA and
auxin signalling mechanisms seem to be similar at least with regard
to the perception of the ligands, as both GA and auxin are bound by
nuclear soluble receptors and because ligand perception leads to
degradation of negative regulators (SLR1 for GA and Aux/IAA
proteins for auxin) through the SCF-mediated 26S proteasome
system. Surprisingly, a direct, ligand-dependent interaction of the
receptors with negative regulators forms a central step in both
signalling cascades, although the receptors differ structurally as
they are members of the HSL-like protein family and the F-box
protein family, respectively. This type of signal transduction system is
unusual in animal cells, and it will be interesting to see whether plant
cells also use it in other signal transduction pathways.

METHODS
Plant materials and growth conditions. A Japonica-type rice cultivar (Oryza
sativa L. cv. Taichung 65) and its chemically or irradiation-induced mutant lines
with the alleles gid1-1 to gid1-4 and slr1-1 (ref. 4) were used in this study. To
generate gid1/slr1 double mutants, genetic crosses were performed between
heterozygous plants for each gene, and the genotype of each F2 plant was
identified by the sequence of the genes. All rice plants were grown in a
greenhouse at 30 8C (day) and 24 8C (night).
GA-responsive experiments. GA-induced elongation of second leaf sheath and
a-amylase induction in embryoless half seeds were performed as described
previously26.
Plasmid construction. Full-length GID1 cDNAs were produced by RT–PCR
from total RNA from wild-type and gid1 mutant alleles. For production of
recombinant GST–GID1 protein, the GID1 cDNA sequences were inserted into
pGEX-4T (Pharmacia). For complementation, the rice genomic DNA from a
bacterial artificial chromosome (BAC) clone was digested with PstI, and a 6.7-kb
DNA fragment that included the entire GID1 sequence was cloned into a
pBluescript vector. The PstI fragment was blunt-end-filled and inserted into
the SmaI site of the hygromycin-resistant binary vector pGI-Hm12 (provided by
H. Hirano). Act1 promoter–GID1 and Act1 promoter–GID1–GFP constructs
were produced by PCR from GID1 and GID–GFP cDNA and inserted into the
pBIAct1nos vector29. The construction of SLR1 promoter–SLR1–GFP5 and the
introduction of constructs into rice cells byAgrobacterium tumefaciens-mediated
transformation were performed as previously described30. Control plants for
GID1 overexpressors were produced by transformation of pBIAct1nos vector.
GA-binding assay. Recombinant GST–GID1 and its mutant proteins for the
in vitro GA-binding assay were expressed in Escherichia coli and purified using
glutathione beads according to standard protocols. The amount of purified
recombinant proteins was quantified by the Bio-Rad Protein Assay system. For

the GA-binding assay, [1,2,16,17-3H4]16,17-dihydro-GA4 was used as a labelled
GA4. This labelled GA4 was synthesized with the help of Du Pont/NEN. In vitro
assays for GA binding were performed as described previously14 with some
modifications. Purified GST–GID1 proteins (16 mg) were dissolved in 300ml
binding buffer (20 mM Tris-HCl (pH 7.6), 5 mM 2-mercaptoethanol and 0.1 M
NaCl) and incubated with 100ml 3H4-16,17-dihydro-GA4 (6 pmol), either with
an 833-fold excess of unlabelled GA4 for nonspecific binding or without excess
unlabelled GA4 for total binding. Afterwards, 100 ml of the mixture was
fractionated on a NAP-5 column (Amersham Biosciences). After discarding a
void volume binding buffer eluate (600 ml), a 200-ml fraction was collected and its
radioactivity measured. The specific binding activity, which reflected the
number of replaceable GA-binding sites, was calculated by subtraction of
nonspecific binding from total binding. To examine the saturability of binding
of GST–GID1 to 16,17-dihydro-GA4, GST–GID1 was incubated with 100ml
3H4-16,17-dihydro-GA4 (6 pmol) and increasing concentrations of unlabelled
16,17-dihydro-GA4. From the radioactivity of the NAP-5 fraction and the
labelled/unlabelled ratio in the assay mixture, total binding of 16,17-dihydro-
GA4 (labelled 16,17-dihydro-GA4 plus unlabelled 16,17-dihydro-GA4) was
calculated.
Yeast two-hybrid assay. The Matchmaker Two-Hybrid System (Clontech) was
used for the yeast two-hybrid assay. pGBKT7-GID1 served as the bait and
pGADT7-SLR1 as the prey. Plate assays (2His) and b-galactosidase liquid assays
were performed according to the manufacturer’s protocol, with the modification
that the plate and liquid media either contained 1024 M GA3 or not.
Measurements of endogenous GAs and other analyses. For the measurement
of endogenous GAs, we collected 1-month-old rice shoots. Purification and the
quantitative analysis of endogenous GAs by gas chromatography-selected ion
monitoring were described previously31. RNA gel blot analysis and western blot
analysis were performed as described elsewhere5.
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