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Abstract
The plant Ubiquitin Regulatory X (UBX) domain-containing protein 1 (PUX1) functions as a negative regulator of gibberel-
lin (GA) signaling. GAs are plant hormones that stimulate seed germination, the transition to flowering, and cell elongation
and division. Loss of Arabidopsis (Arabidopsis thaliana) PUX1 resulted in a “GA-overdose” phenotype including early flow-
ering, increased stem and root elongation, and partial resistance to the GA-biosynthesis inhibitor paclobutrazol during seed
germination and root elongation. Furthermore, GA application failed to stimulate further stem elongation or flowering on-
set suggesting that elongation and flowering response to GA had reached its maximum. GA hormone partially repressed
PUX1 protein accumulation, and PUX1 showed a GA-independent interaction with the GA receptor GA-INSENSITIVE
DWARF-1 (GID1). This suggests that PUX1 is GA regulated and/or regulates elements of the GA signaling pathway.
Consistent with PUX1 function as a negative regulator of GA signaling, the pux1 mutant caused increased GID1 expression
and decreased accumulation of the DELLA REPRESSOR OF GA1-3, RGA. PUX1 is a negative regulator of the hexameric
AAA + ATPase CDC48, a protein that functions in diverse cellular processes including unfolding proteins in preparation
for proteasomal degradation, cell division, and expansion. PUX1 binding to GID1 required the UBX domain, a binding motif
necessary for CDC48 interaction. Moreover, PUX1 overexpression in cell culture not only stimulated the disassembly of
CDC48 hexamer but also resulted in co-fractionation of GID1, PUX1, and CDC48 subunits in velocity sedimentation assays.
Based on our results, we propose that PUX1 and CDC48 are additional factors that need to be incorporated into our un-
derstanding of GA signaling.
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Introduction
The gibberellins (also called gibberellin A or GAs) are a fam-
ily of tetracyclic diterpenoid molecules, a subset of which
function as phytohormones to stimulate seed germination,
the transition to flowering, and growth via increased cell di-
vision and elongation (reviewed in Hauvermale et al., 2012).
The role of GA in regulating physiological responses has
been established by investigating phenotypes that occur in
the absence of GA biosynthesis. For example, the GA bio-
synthesis deficient mutants, Arabidopsis (Arabidopsis thali-
ana) ga1-3 and the tomato (Solanum lycopersium) gib-1,
exhibit failure to germinate, dwarfed stature, defects in the
transition to flowering, and infertility (Koornneef and
Vanderveen, 1980; Karssen et al., 1989). All phenotypes that
are present in GA biosynthetic mutants are rescued with
GA application, demonstrating the role that GA hormone
signaling plays in the regulation of developmental events,
which ensure plant species survival.

Seed dormancy is an evolutionary adaptation that ensures
species survival by regulating germination timing to coincide
with optimal growing conditions. Two hormone signaling
pathways regulate a seed’s transition from dormancy, the in-
ability to germinate, to a state of increased germination po-
tential. Abscisic acid (ABA) establishes seed dormancy
during embryo maturation and maintains dormancy in ma-
ture seeds. GA signaling breaks seed dormancy and stimu-
lates germination (Koornneef et al., 1982; reviewed by
Finkelstein et al., 2008). Dormancy-breaking treatments like
after-ripening (dry storage) and cold stratification (cold im-
bibition) weaken dormancy by modulating endogenous lev-
els of and sensitivity to ABA and GA hormones (Derkx
et al., 1994; Seo et al., 2009; Yamauchi et al., 2004). After-rip-
ening and cold stratification also work additively to break
seed dormancy and to synchronize germination (Foley and
Fennimore, 1998).

Previous work has indicated that GA stimulates GA
responses via destruction of DELLA (Asp–Glu–Leu–Leu–Ala)
domain proteins, negative regulators of GA responses,
through the ubiquitin–proteasome pathway (reviewed by
Nelson and Steber, 2016; Thomas et al., 2016). GA binding
to the GA-INSENSITIVE DWARF1 (GID1) GA receptors
results in a conformational change that creates a DELLA-
binding domain. Subsequently, formation of the GID1–GA–
DELLA complex allows for recognition of DELLA proteins by
the Arabidopsis SLEEPY1 (SLY1) F-box protein. The Skp1-
Cullin-F-box (SCFSLY1) E3 ubiquitin-ligase catalyzes DELLA
polyubiquitylation, thereby targeting DELLA for destruction
by the 26S proteasome (Griffiths et al., 2006; Murase et al.,
2008; Shimada et al., 2008; Ueguchi-Tanaka and Matsuoka,
2010).

There are three homologous GA receptors in Arabidopsis,
GID1a, b, and c that function to bind GA and transduce the
GA signal; however, GID1b has unique properties (Nakajima
et al., 2006; Yamamoto et al., 2010). The protein sequences
for GID1a and GID1c are more closely related to each other
than to GID1b. GID1a has 85% amino acid identity with

GID1c, but only 66% identity with GID1b (reviewed by
Nelson and Steber, 2016). GID1b has higher affinity than
GID1a and GID1c for GA and DELLA, and has the unique
ability to bind DELLA in the absence of GA (Nakajima et al.,
2006; Yamamoto et al., 2010). Even in the absence of GA
(i.e. ga1-3 or in the shoot apical meristem), GID1b is able to
bind to DELLA and likely provides a basal level of GA-
independent signaling. However, GA enhances GID1b affinity
for DELLA, indicating that the receptor is GA responsive
(Yamamoto et al., 2010). Interestingly, phenotypic character-
ization revealed that GID1b can behave both as a positive
and negative regulator of germination and stem elongation,
whereas GID1a and GID1c behave as positive regulators of
germination (Ge and Steber, 2018).

The sly1 F-box mutant is unable to destroy DELLA protein
and shows GA-insensitive phenotypes including failure to
germinate, dwarfism, delayed flowering, and reduced fertility
(Steber et al., 1998; McGinnis et al., 2003). These sly1 pheno-
types, however, can be partially rescued by GA application
and overexpression of the GID1 GA receptors (Ariizumi and
Steber 2007, Ariizumi et al., 2008, 2013). This GA- and GID1-
dependent rescue of the sly1 phenotypes does not result in
DELLA protein destruction. A similar rescue of the F-box
mutant gid2 was observed in rice (Ueguchi-Tanaka et al.,
2008). Collectively, these results suggested that some aspects
of GA signaling occur independently of DELLA destruction,
possibly through GID1 interaction with other regulatory pro-
teins (Ariizumi et al., 2013; Hauvermale et al., 2015). In this
study, we identified plant Ubiquitin Regulatory X (UBX)
domain-containing protein 1 (PUX1), a Cell Division Cycle
48 (CDC48) regulating protein in Arabidopsis, as a GID1-
interacting protein. This study takes the first steps toward
investigating whether PUX1 provides an alternative pathway
for GA signaling. Our findings indicate that PUX1 negatively
regulates GA responses including seed germination, root
growth, and flowering.

CDC48 (also known as p97/Vasolin-containing protein,
VCP) is a highly conserved homohexameric AAA + ATPase
that unfolds/extracts proteins associated with soluble or
membrane-associated protein complexes involved in a vari-
ety of essential cellular functions required for cellular ho-
meostasis including: (1) cell cycle regulation; (2)
endoplasmic reticulum-associated degradation; (3) mem-
brane biogenesis; (4) protein turnover via the ubiquitin–pro-
teasome pathway; (5) autophagosome biogenesis; and 6)
maintenance of DNA integrity (reviewed in Hoppe et al.,
2000; Meyer et al., 2002; Woodman, 2003). In Arabidopsis,
there are three genes encoding CDC48 homologs,
AtCDC48a, AtCDC48b, and AtCDC48c (Rancour et al., 2002).
Disruption of AtCDC48a results in pleiotropic developmental
defects in embryogenesis, seedling growth, and pollen tube
growth likely through its activity in cell division and elonga-
tion (Park et al., 2008).

The Arabidopsis PUX1 protein regulates CDC48 function
in plant growth and cell elongation (Rancour et al. 2004). In
order for CDC48/p97 to fulfill its many functions it
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associates with different cofactors, including members of the
UBX domain family, that recruit the ATPase to specific cellu-
lar processes (Meyer et al., 2002; Schuberth and Buchberger,
2008; Zhang et al., 2021). However, unlike other UBX-
domain proteins that facilitate the interaction of CDC48
with client proteins (Gallois et al., 2013; Kretzschmar et al.,
2018; Marshall and Vierstra, 2019), PUX1 binding to CDC48
promotes the disassembly of active hexameric complexes to
ATPase-inactive subunits (Rancour et al., 2004; Park et al.,
2007). Loss of PUX1 results in enhanced growth phenotypes
in Arabidopsis (Rancour et al., 2004) that are similar to GA-
induced root and shoot growth.

This study identified PUX1 as a GID1-interacting protein,
suggesting that PUX1 plays a role in GA hormone signaling.
Consistent with this, pux1 mutants displayed “GA overdose”
phenotypes similar to mutations in the negative regulator of
GA signaling, Arabidopsis SPINDLY (Jacobsen and Olszewski,
1993). The pux1 mutants exhibited decreased sensitivity to
the GA biosynthesis inhibitor paclobutrazol (PAC) during
seed germination and root elongation. Moreover, pux1
mutants showed increased stem elongation and early flower-
ing. GID1 protein interacts with PUX1 in a GA-independent
manner both in vivo and in vitro. Interestingly, GA appears
to regulate the levels of PUX1 protein, whereas mutations in
PUX1 altered expression of GA signaling genes. Collectively,
these results suggest that the GID1–PUX1 protein interac-
tion plays a functional role in GA signaling.

Results

Identification of PUX1 as a GID1-interacting protein
Given that GID1 receptor signaling can be independent of
DELLA destruction (Ariizumi et al., 2008, 2013), we hypothe-
sized that GID1 likely interacts with other growth-regulating
proteins. To examine this, a yeast two-hybrid screen for
seed-expressed GID1 interactors was conducted. GID1b was
chosen for use as bait because GID1b overexpression more
strongly rescued the poor germination and dwarfism pheno-
types of sly1 (Ariizumi et al., 2008, 2013). Yeast was trans-
formed with an in-frame fusion of GID1b to the Gal4
DNA-binding domain (GID1b–Gal4db) as bait and a seed-
specific Arabidopsis cDNA library fused to the activation do-
main of the yeast Gal4 transcription factor (Gal4ad)
(Supplemental Table S1; see “Materials and methods”). A to-
tal of 132 clones showed interaction with GID1b upon retest
in the yeast two-hybrid system (Supplemental Table S2).
Among the best GID1b-interacting candidates were a GA-
responsive gene, GASA6 (At1G74670; GA-Stimulated
Arabidopsis Protein 6) (Lin et al., 2011), and a gene known
to function in the GA-regulated processes of cell division
and elongation, PUX1 (At3G27310; Plant Ubiquitin
Regulatory X domain-containing Protein, 1) (Rancour et al.
2004; Park et al., 2007; Supplemental Table S2). PUX1 was se-
lected for further characterization because it appeared to
have the strongest interaction with GID1b, and because it
was previously characterized as a negative regulator of plant
growth and cell elongation (Rancour et al. 2004).

The PUX1 cDNA clones recovered from the original yeast
two-hybrid screen encoded two truncated proteins starting
at amino acids 117 (T2) and 118 (T1) of PUX1, respectively
(Supplemental Figure S1). These PUX1 clones included all
but the first 9–10 of the 73 amino acid UBX domain. The
strength of protein interactions were examined using a yeast
dilution series in the presence and absence of GA (Figure 1).
Upon retest, both truncated PUX1 clones (T1 and T2) dis-
played a GA-independent interaction with GID1b-Gal4bd
(Figure 1A). The interaction of the full-length PUX1-Gal4ad
was examined using both GID1b-Gal4db and GID1a-Gal4bd
as a representative of the GID1a/c-type receptor (Figure 1, B
and C). GA hormone appeared to enhance the interaction
of PUX1-Gal4ad with GID1a-Gal4bd but not with GID1b-
Gal4bd. This enhancement was not apparent when the in-
teraction was confirmed using full-length PUX1-Gal4bd with
GID1a-Gal4ad and GID1b-Gal4ad in bait and prey swap
experiments (Supplemental Figure S2).

Loss of PUX1 resulted in a constitutive GA response
phenotype
If PUX1 plays a role in GA signaling via interaction with the
GID1 GA receptors, then we would expect loss of PUX1
function to alter GA responses including increased seed ger-
mination, cell elongation, and an earlier transition to flower-
ing. PUX1 was previously shown to be a negative regulator
of plant cell elongation and growth based on the fact that
two pux1 T-DNA insertion alleles, pux1-1 (intron 3 insertion)
and pux1-2 (exon 3 insertion), resulted in increased shoot
and root elongation (Rancour et al., 2004). However, it was
not known if pux1 mutants affected other GA-stimulated
processes such as germination and the transition to flower-
ing, and whether these mutants exhibited altered GA
sensitivity.

The effect of pux1 mutants on seed germination was ex-
amined. GA stimulates and the GA biosynthesis inhibitor
PAC inhibits seed germination in Arabidopsis (reviewed by
Finkelstein et al., 2008). If PUX1 is a negative regulator of
germination, then we would expect mutations in this gene
to result in increased germination capacity and increased re-
sistance to PAC in germination. The pux1-1 and pux1-2
mutants were significantly more resistance to inhibition of
seed germination by 1- and 0.5-lM PAC than wild-type
(WT; Figure 2, A and B; Supplemental Figure S3). The pux1-2
mutant appeared to be more resistant to PAC than pux1-1,
suggesting that pux1-2 results in a stronger constitutive GA
response. It is possible that the T-DNA insertion in intron 3
in pux1-1 has a weaker phenotype because it is sometimes
spliced to produce a functional transcript causing this allele
to function as a knockdown rather than knockout allele
(Sandhu et al., 2013). The inhibition of germination by PAC
was rescued by GA in WT Wassilewskija (Ws), pux1-1, and
pux1-2 seeds at 2 days of imbibition (Figure 2C).

Previous work showed that pux1 mutants have longer
shoots and roots than WT Ws, and that the longer roots
were associated with increased root cell length in pux1-2
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(Rancour et al., 2004). This phenotype is consistent both
with increased GA signaling and with loss of PUX1 as a neg-
ative regulator of CDC48. If the pux1 elongated-root pheno-
type results from constitutive GA signaling, root elongation
should be more resistant to inhibition of GA biosynthesis by
PAC (Karssen et al., 1989; Ariizumi et al., 2008). Treatment
with 1-lM PAC resulted in a stronger decrease in Ws WT
root length (46% of WT root length) than in pux1-1 (59%)
and pux1-2 (57%) root length, respectively (Figure 3A;

P5 0.0001). Thus, pux1 mutants have decreased PAC sensi-
tivity compared to WT, suggesting increased GA sensitivity.
Because PAC inhibition of GA biosynthesis is not entirely
specific, we examined the ability of 1-lM GA4 treatment to
recover root elongation on PAC. Root elongation on PAC is
partly recovered by GA in all genotypes. WT root length on
PAC + GA was similar to pux1 mutant root length on PAC
alone; GA treatment and pux1 mutations rescued root
length on PAC to a similar extent (Figure 3A). Based on

Figure 1 Detection of GID1–PUX1 protein interaction by yeast two-hybrid. Targeted yeast two-hybrid screens are shown between: (A) the GID1b
bait and two independently recovered prey transformants, T1 and T2 containing truncated PUX1 proteins in the absence (–GA) or presence
( + GA) of 10 mM GA3. B and C, The full-length independent PUX1 prey transformants F1 and F2 in yeast lines carrying (B) the GID1a or (C)
GID1b bait plasmids with or without 10mM GA3. Yeast samples were serially diluted and plated as undiluted (U) samples, and at dilutions of 1/10
(10–1), 1/100 (10–2), and 1/1,000 (10–3) of U on synthetic dextrose media without leucine and tryptophan (–Leu–Trp), or without leucine, trypto-
phan, and histidine, and with 10-mM 3AT (–Leu–Trp–His + 3AT). Each screen included a weak interaction control (W), a strong interaction con-
trol (S), and a negative interaction control (N).
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these results, it is likely that pux1 has longer roots on PAC
because GA signaling continues to function in the mutant.

Next, we examined the effect of pux1 mutants on shoot
elongation with and without weekly 10-mM GA3 application.
GA treatment resulted in no significant increase in pux1-1

and pux1-2 stem length relative to untreated mutant
controls, whereas GA-treated WT stem length increased
over the time course but never exceeded the pux1
mutants (Figure 3, B and C; Table 1; Supplemental Figure
S4). This lack of response to GA application does not

Figure 2 The pux1 mutant seeds display decreased sensitivity to GA
inhibitor PAC. Ws and pux1 mutant seeds were imbibed at 4�C with-
out or with 1-mM PAC for 24 h, washed 3 times with water and then
plated on 0.5� MS agar plates without (A, B, and C) or with (C)
1-mM GA4 to germinate in the light at 22�C. Germination was scored
daily for 6 days until seeds stopped germinating. Percent germination
across 6 days (A and B), or on Day 2 (C) is the average of three biologi-
cal replicates, and n = 100. Statistical significance was determined by
analysis of variance (ANOVA) using a Tukey’s pairwise comparison,
and P 50.05 are indicated with an asterisk (A and B), or with letters
to indicate significant categories (C).

Figure 3 Decreased sensitivity of pux1 mutants to PAC inhibition of
root elongation and GA stimulation of stem elongation. A, Ws and
pux1 seedlings were grown on vertical 0.5� MS-agar plates without
(mock), or with 1-mM PAC, 1-mM PAC plus 1-mM GA4, or 1-mM GA4

for 4 days. The average seedling root length was determined over three
biological replicates, n = 10. Error bars = SD. Percent root growth of
the PAC-treated or PAC + GA-treated versus mock-treated root
length is given for each genotype. Letters indicate statistically different
categories, P-value5 0.05 based on ANOVA with a Tukey’s pairwise
comparison. Stem length of Ws compared to (B) pux1-1 and (C)
pux1-2 was measured from the soil surface to the shoot apex of GA-
treated and mock-treated plants. Plants were sprayed with either 10-
mM GA3 or a mock treatment weekly starting at Day 8. Measurements
were taken every other day. The average of 8–10 plants per genotype
and treatment are shown, Error = SE, n = 2.
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indicate GA insensitivity because pux1-1 and pux1-2 are
not dwarves, rather it suggests that they reach maximum
GA stimulation of stem elongation in the absence of hor-
mone treatment.

GA signaling stimulates the transition to flowering in
Arabidopsis (reviewed in Hauvermale et al., 2012).
Consistent with increased GA signaling, pux1-1 and pux1-2
transitioned to flowering earlier than WT (Figure 4, A and B;
Table 1). Ws WT seedlings flowered at the 14-leaf stage
within 33 days after germination (DAG), whereas pux1-1 and
pux1-2 flowered at the 5 and 6 leaf stage within 24 DAG
(Figure 4, A and B; Supplemental Figure S5). Next, we exam-
ined whether 10-mM GA3 application could speed the tran-
sition to flowering (Table 1). GA treatment caused Ws to
transition to flowering faster, both in terms of number of
leaves at bolting and in terms of DAG prior to flowering.
The pux1-1 and pux1-2 mutants, however, showed no signifi-
cant decrease in the number of leaves at flowering and a re-
duced response to GA based on DAG until flowering
(Table 1). This suggests that the early flowering phenotype
is due to constitutive GA signaling, such that GA treatment
cannot further stimulate the transition to flowering. Thus,
PUX1 appears to negatively regulate GA response during
seed germination, root and shoot elongation, and the transi-
tion to flowering.

pux1 mutants have altered expression of GA
signaling and biosynthesis genes
Given that PUX1 functions as a negative regulator of GA sig-
naling and interacts with the GID1 receptor, we examined
the effects of pux1 mutants on the mRNA and protein ex-
pression of GA biosynthesis and signaling genes (Dill et al.,
2001; Griffiths et al., 2006; Hauvermale et al., 2012). GID1
protein levels were analyzed in total protein extracts from 4-
day-old seedlings using an anti-GID1c antibody that recog-
nizes all three GID1 proteins (Supplemental Table S3;
Hauvermale et al., 2015). Overall GID1 protein levels were el-
evated in pux1-1 compared to WT Ws seedlings (Figure 5, A
and B). The increased GID1 levels in pux1-1 may be one ex-
planation for the “GA-overdose” phenotype observed in
pux1 mutants. The effect of the pux1-1 mutant on GID1a,

GID1b, and GID1c mRNA levels was examined by real-time
reverse transcription-quantitative PCR (RT–qPCR) analysis
(Figure 5C). Interestingly, GID1a mRNA levels were eight-
fold higher in pux1-1 than in WT Ws. In contrast, GID1b
mRNA levels were 30% lower and GID1c mRNA levels
unchanged in pux1-1 versus WT (Figure 5C). Thus, pux1-1
had differential effects on the expression of the GID1a,
GID1b, and GID1c genes.

Next, we examined the effect of pux1-1 on expression of
the GA biosynthesis genes, GA 20-oxidase 1 (GA20ox1) and
GA 3-oxidase 1 (GA3ox1), because previous work indicated
that this gene family is subject to feedback downregulation
by GA signaling (Rieu et al., 2008; Zentella et al., 2007).
GA20ox1 mRNA levels showed a 60% decrease whereas
GA3ox1 mRNA levels were not significantly different in
pux1-1 compared to WT (Figure 5C). Thus, it appeared that
GA20ox1 mRNA expression is subject to negative feedback
regulation in response to the increased GA response pheno-
type of pux1-1.

GA binding to the GID1 receptor triggers degradation of
DELLA proteins through the ubiquitin–proteasome pathway,
thereby lifting DELLA repression of GA responses. Therefore,
we examined the effects of pux1-1 on DELLA RGA protein
levels and on DELLA RGA and GAI mRNA levels. For RGA
immunoblot analysis, seedlings were treated for 12 h with di-
methyl Sulfoxide (DMSO) (mock treatment) or with the
proteasome inhibitor MG132 (in DMSO) to determine if
RGA protein levels are differentially affected by proteasomal

Table 1 Flowering time and leaf number of pux1 mutants and Ws WT
plants under exogenous GA application

Phenotype No. of
Rosette leaves

Total
leaves

Boltinga

(DAG)
Floweringa

(DAG)

Ws 13.6 ± 1.6 17.0 ± 0.5 27 33
Ws + GA3 9.4 ± 0.4* 13.0 ± 0.1* 22 26**

pux1-1 5.0 ± 0 7.5 ± 0.5 19 24
pux1-1 + GA3 5.3 ± 0.3 7.6 ± 0.2 16 23
pux1-2 5.5 ± 0.5 8.0 ± 0.8 19 24
pux1-2 + GA3 5.8 ± 0.3 8.0 ± 0.5 16 22

aBolting and flowering time (DAG) were determined by measuring the number of
total leaves present prior to the appearance of the inflorescence stem and first
flower, respectively. Leaf number measurements were taken daily. SD represented by
±. Tukey’s test was used to examine the statistical significance between the non-
treated and GA-treated groups.
*P5 0.05, **P5 0.01.

B 32 DAG

Ws pux1-1            pux1-2

Ws pux1-1             pux1-2

20 DAG A

1 
cm

Figure 4 pux1 mutants display an early flowering phenotype. A, Both
pux1-1 and pux1-2 begin to bolt 20 DAG, and �8–12 days earlier than
Ws. B, A comparison between Ws and pux1 mutants 32 days DAG
shows both pux1 mutants transitioned to flowering before Ws.
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degradation in pux1-1 relative to WT. Following the mock
treatment, RGA protein levels were 70% lower in pux1-1
than in WT (Figure 6, A and B; Supplemental Figure S6).
MG132 treatment resulted in increased RGA protein levels
in both pux1-1 and Ws relative to mock treatment. After
MG132 treatment, there was no longer a significant differ-
ence between DELLA RGA levels in pux1-1 versus WT.
Moreover, MG132-treated pux1-1 mutant DELLA RGA levels
were similar to those in mock-treated WT. The partial res-
cue of RGA levels by MG132 treatment of pux1-1 suggests
that the decrease in pux1-1 DELLA RGA levels may be par-
tially due to increased proteasomal turnover of DELLA RGA
in the mutant. There was insufficient resolution of the
DELLAs RGA and GAI protein bands to enable independent
quantitation of GAI protein levels (Supplemental Figure S6).
As shown by RT-qPCR analysis, no significant difference in
RGA and GAI transcript levels were detected in pux1-1 rela-
tive to WT (Figure 6C), indicating that the decreased RGA
protein levels in pux1-1 likely result from posttranscriptional
rather than transcriptional effects on RGA expression. Taken
together, this suggests that the pux1 “GA-overdose” pheno-
type may partly result from downregulation of DELLA pro-
tein accumulation.

GID1 and PUX1 proteins interact in vitro, and this
interaction depends on the UBX domain
To examine if PUX1 and GID1 directly interact, in vitro
binding assays were performed using purified glutathione S-
transferase (GST)-tagged GID1b and GID1c and GST-free
full-length PUX1 (Figure 7A). PUX1 copurified with GST-
GID1b and GST-GID1c in the absence and presence of GA
and did not interact with the GST negative control
(Figure 7B).

To determine the region(s) of the PUX1 protein necessary
for interaction with GID1, in vitro binding of GST-free PUX1
truncations (Figure 7A) to GST-GID1b, GST-GID1c, and GST
alone were analyzed. Similar to full-length PUX1, PUX1 lack-
ing the N-terminus (UBX-C) or C-terminus (N-UBX) bound
to GST-GID1b and GST-GID1c in the presence or absence of
GA (Figure 7C, upper two parts; Supplemental Figure S7). In
contrast, the N-terminus of PUX1, lacking the UBX and C-
terminal domains, did not bind to GST-GID1b, GST-GID1c,
or GST (Figure 7C, middle). The PUX1 UBX domain resides
between amino acids 101 and 181. However, to maintain
solubility of the GST-UBX domain fusion protein, 13 and 10
amino acids that flank the N- and C-terminus of the UBX
domain were included in the Escherichia coli expression

Figure 5 pux1 mutants exhibit increased GID1 protein levels and decreased expression of GA20ox1. A, 30-lg total protein from 4-day-old Ws,
pux1-1, pux1-2, Col-0, gid1bc, and gid1abc seedlings was fractionated by SDS–PAGE and analyzed by immunoblotting using anti-GID1 and anti-cy-
tosolic FBPase (cFBPase; loading control) antibodies. B, Quantitative analysis of GID1 immunoblot signals in (A). Intensity of anti-GID1 relative to
anti-cFBPase (loading control) immunoblot signals for each genotype were normalized to WT Ws for pux1 mutants, Col-0 for gid1 mutants. C,
RT–qPCR analysis of GID1a, GID1b, GID1c, GA20ox1, and GA3ox1 expression in 4-day-old pux1-1 mutant and WT Ws seedlings. The mean normal-
ized or relative expression is shown for three biological replicates for each individual gene. Error bars = SD. Statistical significance was determined
by Student’s t test, *P 50.05, **P5 0.01.
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construct (13-UBX-10; Park et al., 2008). As shown in
Figure 7C (bottom; Supplemental Figure S7), UBX (aa 88–
191) bound to GST-GID1b and GST-GID1c compared to
GST alone (Figure 7C, lane 1). Overall, these results demon-
strate that the PUX1 UBX-domain is required and sufficient
for the PUX1 interaction with GID1.

GID1 and PUX1 show a GA-independent interaction
in planta
Co-immunoprecipitation assays were performed to determine
whether PUX1 can interact with GID1 GA receptor proteins in
planta, and whether this interaction depends upon GA hor-
mone. Initial studies were performed in ungerminated, imbibed
ga1-3 seeds because a seed-specific cDNA library was used to
identify PUX1 as a GID1b-interacting protein. To examine
whether PUX1 co-immunoprecipitated with HA-tagged GID1
protein, total protein was extracted from ga1-3 HA:GID1a and
ga1-3 HA:GID1b seeds imbibed without GA. PUX1 co-
immunoprecipitated with HA:GID1a and HA:GID1b proteins
using anti-HA magnetic beads (Figure 8A) regardless of
whether or not GA hormone was added to the immunopre-
cipitation reaction. PUX1 also co-immunoprecipitated with
HA:GID1a and HA:GID1b from 3-week-old Landsberg erecta
(Ler) WT seedlings (Figure 8B) indicating that the GID1–PUX1
interaction can occur in rapidly growing seedlings capable of
GA biosynthesis. The interaction between PUX1 and GID1 was

specific as there was no PUX1 protein detected from co-
immunoprecipitation experiments using ga1-3 HA seeds, or Ler
HA seedlings (Supplemental Figure S8).

Since the GID1–PUX1 interaction was GA independent, we
examined whether PUX1 protein accumulation depended
upon GA. As previously reported in Ws WT, two proteins that
migrated at �38 kDa and �34 kDa, referred to as PUX1-a and
PUX1-b, were detected by immunoblot analysis using anti-
PUX1 antibodies in both Ler WT and in the GA biosynthesis
mutant ga1-3 but were absent in pux1-1 and pux1-2 mutants
(Figure 9A; Rancour et al., 2004). Quantitative analysis showed
that the total levels of PUX1 protein were higher in ga1-3 than
Ler (Figure 9B). Furthermore, GA treatment resulted in a de-
crease of PUX1 accumulation in ga1-3, whereas PAC inhibition
of GA biosynthesis in Ler and Ws increased the level of PUX1
(Figure 9B). Thus, PUX1 protein accumulation is negatively reg-
ulated by GA.

If GA signaling negatively regulates PUX1 accumulation,
then the gid1abc triple mutant should show increased accu-
mulation of PUX1 protein compared to Col WT. The
gid1abc triple mutants and Col WT were treated with a
mock treatment, PAC, and with PAC and GA together
(Figure 9, C and D). Similar to Ler and Ws, Col WT showed
increased accumulation of PUX1 with PAC treatment. When
GA was added to the PAC treatment, the level of PUX1 de-
creased suggesting that the effect of PAC resulted from

Figure 6 DELLA protein levels are decreased in pux1-1 relative to WT. A, Immunoblot detection of the DELLA protein, RGA in total protein from
Ws and pux1-1 mutant 5-day-old seedlings treated with DMSO (mock) or MG132 + DMSO for 12 h. The cFBPase separated on the same gel was
detected as a loading control. About 20 mg of total protein was loaded per lane. B, Quantitative analyses of the average anti-RGA immunoblot sig-
nal intensity in (A) and the three immunoblots shown in Supplemental Figure S7. Error bars represent SD for the mean of three biological repli-
cates. Normalization was performed as in Figure 5. C, RT–qPCR analysis of RGA and GAI mRNA expression in the pux1-1 mutant compared to
WT Ws. Statistical significance was determined by Student’s t test, ** indicates P 50.05.
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decreased GA hormone levels. Interestingly, the gid1abc tri-
ple mutant showed a strong decrease instead of an increase
in PUX1 protein levels. In contrast to Col WT, PAC and
PAC plus GA treatment did not result in a substantial
change in PUX1 protein levels in the gid1abc triple mutant.
Taken together, these results indicate that GA and the GID1
receptors regulate PUX1 protein accumulation, but that this
regulation is complex.

Co-fractionation studies of GID1, PUX1, and CDC48
Because the pux1-1 mutant exhibited increased levels of
GID1 protein, velocity sedimentation centrifugation experi-
ments were performed to examine the effect of PUX1 over-
expression on GID1 and CDC48 protein in vivo. For these
studies, we generated a stable transgenic Arabidopsis PSB-D

cell line (Van Leene et al., 2011) expressing an N-terminal G-
protein/Streptavidin-binding peptide (GS)-tagged PUX1 (GS-
PUX1) construct. CDC48 fractionated as a hexameric com-
plex (Figure 10, A and C, fractions 13–16; �17.5 Svedberg
units (S)) in protein extracts from untransformed PSB-D sus-
pension cells whereas in extracts from GS-PUX1-
overexpressing cells we detected both 17.5 S hexameric
CDC48 (Figure 10, B and D, fractions 13–16) and �5–8S
nonhexamer-associated CDC48 subunits (Figure 10, B and D,
fractions 5–7). This demonstrated that increasing levels of
PUX1 promotes disassembly of the oligomeric CDC48 com-
plex in vivo as previously demonstrated in vitro (Rancour
et al., 2004; Park et al., 2007). In untransformed cells, GID1
co-fractionated with native PUX1 (Figure 10, A and C, frac-
tions 5 and 6), but not with hexameric CDC48. In contrast,
in cells overexpressing GS-tagged PUX1, we detected a shift
in GID1 migration associated with co-fractionation of GS-
PUX1, GID1, and CDC48 subunits at �5–8S (Figure 10, B
and D, fractions 5–7). Moreover, GS-PUX1 overexpression
resulted in a reduction in the overall GID1 and native PUX1
protein levels (Figure 10, B and D). This suggests that PUX1
stimulates CDC48 disassembly, possibly promoting the for-
mation of a PUX1–GID1–CDC48 complex.

While examining the effect of GS-PUX1 overexpression on
CDC48 fractionation, we observed interesting differences in
the velocity sedimentation fractionation profiles of CDC48
and PUX1 in protein extracts prepared from suspension-
cultured cells versus protoplasts (Figure 10; Rancour et al.,
2004; Park et al., 2007). Total protein extracts from proto-
plasts of the T87 Arabidopsis cell line showed the appear-
ance of putative monomeric CDC48 (Supplemental Figure
S9A; peak fractions 5–8) that were absent in protein
extracts from whole (i.e. nonprotoplasted) T87
(Supplemental Figure S9B) and PSB-D (Figure 10A) cells. It
may be that formation of protoplasts is a stress that induces
PUX1-mediated CDC48 disassembly in a manner analogous
to GS-PUX1 overexpression (Figure 10, B and D). Consistent
with this, we observed a quantitative upward shift in the
mobility of PUX1 such that all the PUX1 in protoplast

Figure 7 PUX1 binds GID1 in a GA-independent manner and requires
its UBX domain for interaction. A, Protein domain organization of
Arabidopsis full-length PUX1 and truncated constructs used to deter-
mine domains required for interaction with GST-tagged GID1 pro-
teins. B, Purified GST (lanes 1 and 4) or GST-tagged GID1b,c (lanes 2–
3 and 5–6) were incubated with tag-free full-length PUX1 in the ab-
sence of 20 lM GA3. Purified PUX1 (lane 7) was used as a control. A
Coomassie (C) stained gel was used to visualize input protein. C, In vi-
tro analysis of truncated PUX1 binding to GST-GID1b and GST-GID1c.
Purified GST (lane 1) or GST-GID1b,c (lanes 2 and 3) were incubated
with tag-free N-UBX, UBX-C, 13-UBX-10, or the N-terminus of PUX1
in the absence of GA. The reference (Ref) control in lane 4 contains
purified PUX1 truncation proteins. Ponceau Stain (P) was used to vi-
sualize input protein.

Figure 8 GID1 and PUX1 proteins interact in planta. A, PUX1 co-im-
munoprecipitation with HA:GID1 proteins extracted from ga1-3
HA:GID1-OE seeds, and (B) 4-day-old Ler HA:GID1-OE seedlings. A total
of 500 mg of seed protein extracts were incubated with a-HA magnetic
beads with 0mM, 1mM, and 100 mM GA4. Immunoblot analysis was
performed with 60-mg protein input (In) and co-immunoprecipitated
protein fractions. PUX1 protein was detected with anti-PUX1 primary
antibody (1:5,000), and anti-rabbit horseradish peroxidase secondary
antibody (Sigma; 1:10,000). Ponceau stained blots (P) were included to
show protein loading.
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protein extracts co-fractionated in a �5–8S complex with
putative monomeric CDC48 (Rancour et al., 2004;
Supplemental Figure S9A, peak fractions 5–8), whereas
PUX1 from nonprotoplasted T87 (Supplemental Figure S9B,
fractions 2–6) and PSB-D cell extracts (Figure 10A, fractions
1–6) fractionated in a peak of lower mobility that partially
overlapped with putative monomeric CDC48.

Discussion
This paper provides evidence that the UBX domain-
containing protein, PUX1, functions in GA hormone signal-
ing. Mutations in GA signaling genes result in altered GA
sensitivity and/or altered GA hormone accumulation.
Mutations in PUX1 result in increased GA sensitivity based
on a decrease in response to PAC in seed germination and
root elongation. The pux1 mutants have all of the pheno-
types expected of a GA hypersensitive mutant including in-
creased germination capacity, increasing shoot and root
elongation, and early flowering (Jacobsen and Olszewski,
1993). A yeast two-hybrid screen identified PUX1 as a

GID1-interacting protein (Figure 1). Subsequent co-
immunoprecipitation assays from plant extracts and in vitro
binding studies with purified proteins demonstrated a GA-
independent interaction between PUX1 and the GA recep-
tors GID1a, GID1b, and GID1c (Figures 7 and 8). This inter-
action required the UBX domain of PUX1 (Figure 7). PUX1
accumulated at higher levels in the absence of GA, suggest-
ing that GA negatively regulates PUX1 protein accumulation
(Figure 9, C and D). Finally, pux1 loss-of-function mutants
have phenotypes consistent with increased GA signaling and
sensitivity, suggesting that PUX1 is a negative regulator of
GA responses.

The pux1 mutants display accelerated flowering as well as
shoot and root growth phenotypes similar to those previ-
ously described with loss of negative regulators of GA signal-
ing, including DELLA and spindly (spy) mutants (Jacobsen
and Olszewski, 1993; Swain et al., 2001; Shimada et al., 2006).
The spy mutants were originally isolated based on the ability
to germinate on 120 lM PAC. While the pux1 mutants were
less resistant to this GA biosynthesis inhibitor than spy

Figure 9 Regulation of PUX1 through GA signaling. A, PUX1 protein was detected by immunoblot analysis of 40-mg total protein extracted from
ga1-3 seeds with or without 1-mM GA4 and Ler and Ws seeds imbibed with and without 1-mM PAC. The two PUX1 protein isoforms, PUX1-a and
PUX1-b, were not detected in pux1 mutant seeds. B, Quantitation of total PUX1 protein in (A) and an additional independent experiment. PUX1
protein levels for GA-treated ga1-3, untreated Ler, and PAC-treated Ler were normalized against untreated ga1-3 (shaded bars). PUX1 protein lev-
els for GA-treated Ws were normalized against untreated Ws (solid black bars). Statistical significance was determined by Student’s t-test, letters
indicate statistically significant categories with P 50.05, and error bars = SD. C, Immunoblot detection of PUX1-a (38 kDa) and PUX1-b (34 kDa) in
total protein from Ws, pux1-2 mutant, Col, and gid1abc homozygous mutant seedlings treated with ethanol (mock), 1-mM PAC, or 1-mM
PAC + 1mM GA4 (labeled P + G) for 12 h. About 20 mg of total protein was loaded per lane. A 5- and 10-s exposure of the anti-PUX1 immuno-
blots are shown. D, Quantitation of PUX1 isoforms in (C). PUX1 proteins were normalized against the Col mock treatment. Ponceau stained blots
(P) were included for protein loading (A and C) and used to normalize protein abundance (B and D).
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mutants, they showed increased germination on 0.5- and
1.0-lM PAC compared to WT suggesting a reduced require-
ment for GA synthesis during germination (Figure 2;
Supplemental Figure S3). Moreover, when bolting pux1

plants were GA treated, no further stem elongation was ob-
served, indicating that they had already reached maximum
GA response (Figures 2–4; Table 1). Consistent with this
“GA overdose” phenotype, the mRNA levels of the GA

Figure 10 Velocity sedimentation analysis of GID1–PUX1–CDC48 interactions in Arabidopsis suspension-cultured cells. A, Immunoblot of glyc-
erol gradient velocity sedimentation analysis and (C) signal intensity quantitation of native GID1, PUX1, and CDC48 from an untransformed 3-
day-old Arabidopsis PSB-D cell line. B, Immunoblot of glycerol-gradient velocity sedimentation analysis and (D) signal intensity quantitation of
GID1, PUX1, GS-PUX1, and CDC48 from 3-day-old GS-PUX1-OE Arabidopsis PSB-D cell line. Arrows indicate fractionation of molecular mass
standards with their indicated Svedberg (S)-values. a, b indicates PUX1 isoforms.
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biosynthesis gene, GA20ox1, were lower in the pux1 mutant
compared to WT (Figure 5). This suggests negative feedback
regulation of GA biosynthesis in the GA hypersensitive pux1
mutants (Griffiths et al., 2006; Rieu et al., 2008). The fact
that GA20ox1 responded, whereas GA3ox1 did not, is not
surprising given that GA20ox appeared to be more respon-
sive to perturbations in GA signaling than GA3ox in tran-
scriptome studies (Zentella et al., 2007).

Studies of GA signaling have focused on the negative reg-
ulation of DELLA repressors of GA responses by GA and
GID1 (Ueguchi-Tanaka et al., 2005; Griffiths et al., 2006;
Willige et al., 2007; Iuchi et al., 2007). GA binding to GID1
stimulates its association with DELLA proteins, leading to
DELLA polyubiquitylation by SCFSLY1 and degradation via
the 26S proteasome (McGinnis et al., 2003; Ueguchi-Tanaka
et al., 2007; Murase et al., 2008; Shimada et al., 2008; Wang
et al., 2009). Interestingly, the pux1-1 mutation resulted in
reduced DELLA protein accumulation, suggesting that PUX1
negatively regulates GA responses by positively regulating
DELLA protein levels (Figure 6). PUX1 appears to regulate
DELLA posttranscriptionally as RGA and GAI mRNA levels
were unchanged in pux1-1 (Figure 6C). It is possible that
PUX1 interferes with proteasomal degradation of DELLA
since treatment of pux1-1 with the proteasomal inhibitor
MG132 rescued DELLA RGA levels in the pux1 mutant to
levels similar to the untreated WT control (Figure 6A).
Future work will need to examine if PUX1 participates in
proteasomal and/or other proteolysis pathways leading to
DELLA degradation. We cannot rule out a role for other
degradation pathways as other members of the PUX protein
family have been implicated in autophagy (Hussain et al.,
2005; Wang et al., 2009; Gallois et al., 2013; Marshall et al.,
2019; Huang et al., 2020).

Reduced DELLA protein levels in pux1 mutants may result
from the observed increase in GID1 receptor protein, which
is associated with increased GID1a mRNA expression. The
pux1 mutant had no significant effect on GID1c mRNA lev-
els, but was associated with decreased GID1b transcript lev-
els (Figure 5). Because the GID1c antibody recognizes all
three GID1 proteins as a single band, it is unclear whether
only GID1a or all three GID1 proteins accumulate at higher
levels in pux1-1. Future work will need to examine how
mutations in PUX1 result in altered GID1 transcript levels
and/or regulate the levels of GID1 posttranscriptionally. The
notion that PUX1 negatively regulates GID1 protein accumu-
lation is supported by the observation that PUX1 overex-
pression resulted in decreased GID1 levels (Figure 10). Based
on this, one model is that PUX1 inhibits GA responses by
negatively controlling GID1 activity thereby acting as a posi-
tive regulator of DELLA accumulation (Figure 11A). GA may
govern this PUX1-dependent repression of GA signaling by
negatively regulating PUX1 protein accumulation (Figure 9).
Note that GA also directly regulates GID1 by stimulating
GID1–GA–DELLA complex formation by triggering a change
in GID1 protein conformation (Murase et al., 2008).

Several lines of evidence raise the possibility that GID1
receptors may have specialized functions. Previous mutation
analyses showed that GID1b can function as a negative regu-
lator of seed germination and stem elongation under some
conditions, whereas GID1c and GID1a generally behave as
positive regulators (Griffiths et al., 2006; Ge and Steber,
2018; Hauvermale and Steber, 2020). It is interesting that
pux1-1 has opposite effects on GID1a and GID1b mRNA lev-
els. This differential regulation is consistent with previous
work showing that induced expression of a DELLA-deletion
mutant (blocking GA signaling) had no effect on GID1c
mRNA levels, but strongly increased GID1b and weakly in-
creased GID1a mRNA levels (Zentella et al., 2007).
Furthermore, the different GA receptors may have different
effects on PUX1 regulation. While loss of GA biosynthesis
due to PAC treatment or the ga1-3 mutant resulted in in-
creased PUX1 proteins levels, total loss of GID1a, b, and c
function paradoxically resulted in decreased PUX1 protein
levels (Figure 9). It is still possible that one or more of the
GID1 receptors is needed for negative regulation of PUX1 by
GA, because the gid1abc triple mutant is unresponsive to
GA and PAC. Future work will need to examine whether dif-
ferent gid1 mutants have differential effects on PUX1 and
DELLA protein accumulation, and the ability of PUX1 to re-
spond to PAC and GA treatment.

To date, the vast majority of GA signaling research has fo-
cused on DELLA proteins as nuclear-localized transcriptional
regulators (reviewed by Hauvermale et al., 2012; Thomas
et al., 2016). The model was that GA triggers DELLA destruc-
tion, lifting DELLA repression of GA responses via transcrip-
tional activation (Zentella et al., 2007). However, recent
research demonstrated a more complicated role for DELLAs

B

PUX1GID1 CDC48 GrowthGA

GA

GID1aPUX1 DELLA Growth
Germination

GA

A

Figure 11 Two models for the role of PUX1 in GA hormone signaling.
Based on mutant analysis, PUX1 is a negative regulator of GID1a
mRNA and GID1 protein accumulation, as well as a positive regulator
of DELLA RGA protein accumulation. A, One model is that PUX1
behaves as a negative regulator of growth and GA signaling because it
positively regulates DELLA protein accumulation via negative regula-
tion of GID1. B, A second model is that GA signaling stimulates
growth via positive regulation of CDC48, a AAA + ATPase essential for
cell division and homeostasis. In this case, GA negatively regulates
PUX1, a negative regulator of CDC48. GID1 is required for control of
PUX1 expression by PAC and GA. However, a complete null for gid1a,
b, c leads to a severe reduction in PUX1 protein accumulation. This
suggests that GID1 genes are needed both for accumulation of PUX1
and for modulation of PUX1 accumulation/activity by GA when PUX1
is present.
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in transcriptional regulation and beyond (Locascio et al.,
2013; Yoshida et al., 2014; Salanenka et al., 2018;
Shanmugabalaji et al., 2018). For example, DELLAs sequester
prefoldins in the nucleus. Upon GID1/GA-dependent DELLA
destruction, prefoldins are released into the cytoplasm
where they function in GA-stimulated microtubule reorien-
tation and trafficking of the auxin efflux carrier PIN-
FORMED 2 (McGinnis et al., 2003; Zentella et al., 2007;
Locascio et al., 2013; Salanenka et al., 2018). This indicates
that DELLA and/or GID1 may more directly stimulate cell
growth. While DELLA proteins are nuclear localized, the
GID1 receptors are present and function in both the nucleus
and the cytoplasm (Ueguchi-Tanaka et al., 2005; Willige
et al., 2007; Livne and Weiss, 2014). Likewise, both PUX1 and
CDC48 proteins localize to both the cytoplasm and nucleus
(Rancour et al., 2004; Park et al., 2008; Augustine et al.,
2016). Future work will need to examine whether the GID1–
PUX1 interaction occurs in the nucleus or cytoplasm. In ad-
dition, although GID1 and PUX1 interact, binding of PUX1
and GID1 is not dependent on GA and is thus not analo-
gous to GID1 regulation of DELLA (Figures 7 and 8).
Whether the GID1–PUX1 interaction allows GA and GID1
to control aspects of CDC48 signaling or allows CDC48 to
regulate aspects of GA signaling remains to be determined
(Figure 11B). We speculate that different GA receptors may
have different effects on PUX1 and/or CDC48 regulation.
The GID1–PUX1–CDC48 signaling pathway may function in
this more nuanced aspect of GA signaling.

Our velocity sedimentation studies demonstrated that
overexpression of GS–PUX1 in Arabidopsis cultured cells
promotes disassembly of hexameric CDC48 resulting in co-
fractionation of putative CDC48 monomers with GID1
(Figure 10), suggesting that CDC48 subunits may interact
with both PUX1 and GID1. This is consistent with the obser-
vation that overexpression of the mammalian PUX1 homo-
log, Tethering containing UBX domain for GLUT4 (TUG)/
Alveolar Soft Part Sarcoma Locus, results in disassembly of
p97/CDC48 hexamers in human cultured cells (Orme and
Bogan, 2012). Moreover, insulin hormone triggers TUG
cleavage leading to increased glucose uptake by adipose tis-
sue via transport of the GLUT4 receptor to the cell surface
(Bogan et al., 2012). It is interesting that both PUX1 and
TUG function in hormone signaling. Whereas insulin signals
for glucose storage, GA triggers glucose mobilization in
seeds. Thus, both pathways regulate energy storage/mobili-
zation, suggesting a remarkable functional agreement across
kingdoms.

These velocity sedimentation studies also revealed that
GID1 protein fractionated with a larger sedimentation coeffi-
cient than expected for a globular protein with a molecular
weight of 38–40 kDa, suggesting that GID1 is associated
with other proteins in cultured Arabidopsis-cell lysates
(Figure 10A, fractions 5–9; Figure 10B, fractions 4–9; Griffiths
et al., 2006). Candidates for proteins in the GID1 complex
include the GID1 interactors PUX1, DELLA, the GA receptor
RING E3 ubiquitin ligase and Cryptochrome Circadian

Regulator 1 (Nemoto et al., 2017; Xu et al., 2021; Zhong
et al., 2021, Yan et al., 2021). Further work will also need to
determine which of the 132 GID1 interactors identified by
yeast two-hybrid have a functionally important GID1 inter-
action in plants (Supplemental Tables S1 and S2).

Based on data reported in Rancour et al. (2004) and the
data presented in this article, we postulate that there is a
regulatory connection between GID1, PUX1, and CDC48
proteins. An important function for AAA + ATPase CDC48
is the extraction and unfolding of ubiquitylated or sumoy-
lated proteins from protein complexes during proteasomal
degradation as well as nonproteolytic processes (Rosnoblet
et al., 2021; Zhang et al., 2021). Both ubiquitylation and
sumoylation pathways have been demonstrated to regulate
GA signaling proteins including DELLA, GID1, and SLY1
(Conti et al., 2014; Kim et al., 2015; Campanaro et al., 2016;
Nemoto et al., 2017; Blanco-Touri~nán et al., 2020). Future
work will need to examine if PUX1 and CDC48 regulate
GID1 and DELLA activity and/or turnover via the ubiquitin–
proteasome pathway. Indeed, loss of PUX1 and PUX1 over-
expression increased and decreased GID1 protein levels, re-
spectively (Figures 5, A and B and 10). PUX1 is an unusual
UBX-containing CDC48 cofactor in that it exhibits the ability
to promote the disassembly, and thereby, inactivation of
hexameric CDC48 (Rancour et al., 2004; Park et al., 2007;
Banchenko et al., 2019). Moreover, the PUX1 UBX domain
required for CDC48 binding (Rancour et al., 2004; Park et al.,
2007; Banchenko et al., 2019) is required for PUX1 interac-
tion with GID1 (Figure 7). Thus, it is plausible that PUX1
binding to GID1 may serve to regulate PUX1-mediated dis-
assembly of CDC48, thereby controlling the activity of this
critical chaperone involved in diverse processes important
for plant growth and development (Figure 11B; Park et al.,
2008; Mérai et al., 2014). Given that GA signaling stimulates
growth and that CDC48 has been shown to function in cell
division, it is tempting to speculate that GA may regulate
plant growth in part via stimulation of CDC48 function.
Further studies are necessary to fully define the regions in-
volved in GID1–PUX1–CDC48 protein–protein interactions,
and to determine whether PUX1 functions as a GID1
adapter to facilitate and/or regulate its interaction with
CDC48. CDC48 has been shown to function in organelle bio-
genesis including formation of the cell plate during cell divi-
sion. If GA can positively regulate CDC48 by negatively
regulating PUX1, potentially in a GID1-dependent manner,
then it would provide an additional mechanism by which
GA signaling stimulates cell division and expansion
(Figure 11B). The notion that PUX1 and GID1 may have a
function in GA signaling that is independent of DELLA pro-
tein destruction is consistent with the observation that
GID1 overexpression can partly rescue sly1 mutant pheno-
types without DELLA destruction (Ariizumi et al., 2008;
Ueguchi-Tanaka et al., 2008; Hauvermale et al., 2014).

Since the initial isolation of GAs as the cause of increased
stem elongation from “bakanae” disease nearly 100 years ago
(Kurosawa, 1926; Takahashi et al., 1955; Geissman et al.,
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1966), there have been significant advances in our under-
standing of the molecular mechanisms by which GA con-
trols plant growth and development. Major milestones
included the identification of genes required for GA biosyn-
thesis and signal transduction, the identification of DELLA
proteins as key negative regulators of GA response, the clon-
ing of the GA hormone receptors, and the elucidation of
GA-directed DELLA destruction by the ubiquitin–protea-
some pathway (Silverstone et al., 1997; Peng et al., 1997;
McGinnis et al., 2003; Itoh et al., 2003; Ueguchi-Tanaka et al.,
2005; Griffiths et al., 2006; Nakajima et al., 2006; Hauvermale
et al., 2012). This paper identified PUX1 as an element in
GA signaling, opening a new area for investigation.

Materials and methods

Plant material and growth conditions
Arabidopsis thaliana lines included mutations in three eco-
types plus the corresponding WT. The sly1-2, sly1-2 rga-24,
sly1-2 gai-t6, ga1-3, ga1-3 HA, ga1-3 HA-GID1a, ga1-3 HA-
GID1b, Ler HA-GID1a, and Ler HA-GID1b lines were in Ler
(Steber et al., 1998; Ariizumi et al., 2008; Hauvermale et al.,
2015). Atcdc48a, as well as the gid1a-1, gid1b-1, gid1c-2 sin-
gle, double, and triple mutants were in Columbia-0 (Col-0)
(Willige et al., 2007; Park et al., 2008). The pux1-1 and pux1-
2 mutants were in Ws (Rancour et al., 2004).

Seeds used for co-immunoprecipitation, germination, and
root growth assays were sterilized with 10% (v/v) Bleach/
0.01% (v/w) sodium dodecyl sulfate (SDS) for 10 min, rinsed
with sterile water, and plated on 0.5� Murashige and
Skoog (MS; Murashige and Skoog, 1962; Sigma-Aldrich, St.
Louis, MO, USA) 5-mM 2-(N-morpholino)ethanesulfonic
acid (MES) buffer pH 5.5 and 0.8% (v/w) agar (MS agar).
Seeds utilized for stem and flowering measurements were
sterilized with 70% (v/v) ethanol with 0.1% (v/v) Tween-20
for 5 min, 95% (v/v) ethanol for 1 min, moved to sterile filter
paper to evaporate the ethanol and then plated on water-
saturated filter paper.

Stock solutions were: (1) 10-mM PAC (Phytotechnology)
suspended in methanol; (2) 10-mM gibberellin A3 (GA3)
and 10-mM gibberellin A4 (GA4) (Sigma-Aldrich G7645,
G7276) suspended in 70% (v/v) ethanol, and (3) 10-mM
MG132 (Sigma) suspended in DMSO. For mock treatments,
70% (v/v) ethanol or methanol were diluted into water, MS
agar, or MS solution to match the final solvent concentra-
tion in each treatment. Seeds were imbibed at 4�C for
3 days to cold stratify for even germination, and then trans-
ferred to a 22�C under 23 h fluorescent light (100 lmol m–2

s–1) to germinate. Seedlings at the four leaf stage were trans-
ferred to soil and cultivated in a Conviron growth chamber
at 22�C and with a 16-h day/8-h night photoperiod. The
ga1-3 and ga1-3 HA:GID1 overexpression plants were sprayed
weekly with 10mM GA3 until the green silique stage to res-
cue flowering and fertility.

Germination and root growth assays
For germination experiments, seeds were harvested at physi-
ological maturity when siliques turned yellow, and then
stored at room temperature for 2 months to ensure com-
plete after-ripening, and then stored at –20�C to slow fur-
ther after-ripening. Ws, pux1-1, and pux1-2 seeds were
imbibed with a mock treatment, or with 0.5mM and 1-mM
PAC with end-over-end mixing on a rotary mixer at 4�C for
24 h. Seeds were then rinsed with water, plated on MS agar,
and germinated in the light at 22�C for 9 days (three repli-
cates, n = 100). For root elongation experiments, seeds were
germinated on MS agar, cold stratified for 3 days at 4�C, and
then imbibed at 22�C for 2 days. Germinated seeds of the
same age were moved to MS agar containing mock treat-
ments, 1-mM PAC, 1-mM PAC plus 1-mM GA4, or 1-mM
GA4, and were grown vertically under continuous light for
6 days (three replicates per treatment, n = 10). Ten seedling
roots per replicate were photographed per genotype/treat-
ment using a Sony Cyber-shot digital camera (DSC-W70),
and root length was calculated using ImageJ software
(Schneider et al., 2012).

Shoot elongation experiment
Seeds were sown in petri dishes on water-saturated filter pa-
per and incubated for 3 days at 4�C to break dormancy.
Seeds were subsequently incubated for 3 days at 22�C under
constant light (T8 fluorescent bulb; 120 lmol m–2 s–1) and
then seedlings transplanted to soil. Plants were grown in
growth chambers (Percival Scientific, Perry, IA, USA) under
standard lighting conditions (16-h day/8-h night) at 22�C.
Beginning at bolting (first appearance of buds), stem length
(cm) was measured every other day, and plants were
sprayed weekly with either exogenous 10-mM GA3 or with a
mock treatment (n = 10).

Measurement of flowering time
Plants were grown as described for the shoot elongation
and flowering experiment (Table 1; Figure 3, B and C;
Supplemental Figure S4). Differences in flowering time were
measured based on: (1) the number of DAG until the first
bud opened and (2) the number of rosette and cauline
leaves present when the first bud opened (mean and stan-
dard deviation (SD), n = 10 plants) (Koornneef et al., 1991).
For the long-day GA treatment, the treated plants were
sprayed weekly with 10-mM GA3 or mock treatment.
Beginning at flowering, plant height was measured every
other day from the soil level to the highest point of the
plant. Each genotype was considered to have flowered/
bolted when 50% of the biological replicates had the first
flower open.

A second experiment characterized flowering phenotypes
(Figure 4; Supplemental Figure S5). Ws WT and pux1 mu-
tant seedlings were plated on MS agar, cold stratified for
3 days at 4�C, and then transferred to 22�C under 23-h fluo-
rescent light (100 lmol m–2 s–1) to germinate. Seedlings
were transplanted in soil at the four-leaf stage. Each pot
contained four seedlings. Seedlings were grown in growth
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chambers (Conviron) at a constant 22�C (16-h day/8-h
night; metal halide lamps at 200mmol�m–2�s–1). Leaf num-
ber, days to bolting, and flowering were recorded daily until
Ws WT reached flowering. The time required for bolting/
flowering of plants was measured as the DAG when 50% of
all biological replicates for each genotype exhibited the first
appearance of buds, respectively.

Yeast two-hybrid vector and library construction
The yeast two-hybrid screen for GID1 interactors used a
cDNA library derived from dormant (2-weeks after-ripened)
and less dormant (2-months after-ripened) Ler WT and sly1-
2 seeds. After-ripening time points were chosen to obtain
both fully dormant and partly after-ripened sly1-2 seeds at
2 weeks and 2-months after-ripening, respectively
(Supplemental Figure S10; Ariizumi et al., 2013; Nelson and
Steber, 2017). Because 2-months after-ripening partially res-
cued sly1-2 germination/GA signaling, these seeds were
expected to include transcripts needed for the GA signaling
that occurs without DELLA destruction. Seeds were plated
on 0.5� MS-saturated filter paper and incubated at 4�C for
4 days, and then moved to 22�C in the light for 2 days. Total
RNA was isolated from combined seeds (dry and imbibed,
dormant and after-ripened Ler and sly1-2) using the
RNAqueous kit (Ambion, Austin, TX, USA) (Kushiro et al.,
2004). mRNA was isolated using the PolyATtract mRNA
Isolation System (Promega, Madison, WI, USA). The
CloneMiner cDNA Library Construction Kit was used to
construct a three-frame cDNA library from 1mg of mRNA
(Invitrogen Waltham, MA, USA). The primary entry library
was amplified once resulting in a final titer of 3.21 � 1012

colonies. An aliquot of the amplified entry library (6.0 � 107

colonies) was recombined into the ProQuest pDEST22 yeast
two-hybrid prey vector (Invitrogen). Full-length GID1a,
GID1b, and PUX1 open-reading frames (Rancour et al., 2004;
Ariizumi et al., 2008) were PCR amplified using gene-specific
primers (Supplemental Table S4), cloned into the
TOPOGW8 gateway entry vector (Invitrogen), and recom-
bined into the ProQuest pDEST32 prey (LEU2 selection) and
pDEST22 bait (TRP1 selection) vectors to generate in-frame
GAL4 DNA-binding domain (Gal4db) GAL4 transcriptional
activation (Gal4ad) domain fusions, respectively.

Yeast two-hybrid screen
GID1b-interacting proteins were identified by yeast two-
hybrid screen (Proquest Two Hybrid System, Invitrogen;
Fields and Song, 1989; Walhout and Vidal, 2001). The GID1b
bait and cDNA library prey plasmids were transformed into
MAV203 yeast by the lithium acetate method (Gietz and
Woods, 2002). Protein interactions resulted in expression of
GAL4 promoter fusions to HIS3 and URA3, detected based
on growth on synthetic dextrose media lacking histidine
and uracil. Top candidates were detected based on growth
on media lacking histidine but containing 10-mM 3-amino-
1,2,4-triazole (3AT; Sigma-Aldrich) and then were confirmed
based on growth on media lacking uracil (Supplemental
Table S2). Directed yeast two-hybrid assays of interaction

candidates were performed on synthetic dextrose media
without leucine, tryptophan, and histidine, and in the pres-
ence of 10-mM 3AT, and without or with 10-mM GA3.
Plasmids, pDEST32, and pDEST22 were used as a negative
interaction control, the pEXP32/Krev1 bait with pEXP22/
RalGDS-wt prey plasmid were used as a strong interaction
control, and the pEXP32/Krev1 bait with pEXP22/RalGDS-
m1 prey plasmid were used as a weak interaction control
(Herrmann et al., 1996; Serebriiskii et al., 1999). Full-length
PUX1 interactions with GID1b and GID1a were confirmed
with PUX1 as both the bait and the prey (Supplemental
Figure S2).

GID1 and PUX1 immunoblot, co-
immunoprecipitation, and quantitative analyses
Antibodies used in study can be found in Supplemental
Table S3. Seeds were after-ripened for 2 months at room
temperature to allow dormancy loss. For immunoblot analy-
sis, seeds were incubated in the light for 24 h at 22�C with
and without 1-mM GA4, or with and without 1-mM PAC.
For co-immunoprecipitation experiments, proteins were
extracted from ga1-3 HA and HA-GID1a/b seeds that were
stratified for 3 days at 4�C in the dark to obtain synchro-
nous germination, then incubated for 2 days at 22�C in the
light (Ariizumi et al., 2008). For Ler HA-GID1a/b experiments,
extracts were prepared from 3-week-old seedlings. Seeds and
seedlings were ground in liquid nitrogen and mixed with ex-
traction buffer (50-mM potassium phosphate buffer pH 7.0/
1� protease inhibitor cocktail (Sigma-Aldrich)). Protein
concentrations were determined by the Quickstart Bradford
assay (BioRad, Hercules, CA, USA) and 40mg of total protein
was reserved from each sample for immunoblot analysis and
60mg for input control for co-immunoprecipitation
experiments.

For analysis of PUX1 protein levels in Col, seedlings were
grown on MS agar in the light 5 days at 22�C. For analysis of
PUX1 protein levels in gid1abc seedlings, homozygous triple
mutants were recovered from a segregating GID1a/gid1a
gid1b/gid1b gid1c/gid1c line by identifying the 25% ungermi-
nated seeds, then nicking the seed coat to stimulate germi-
nation (Willige et al., 2007; Ge and Steber, 2018; Hauvermale
and Steber, 2020) and grown on MS agar in the light 5 days
at 22�C. Five-day-old Col and gid1abc mutant seedlings were
then moved to MS agar containing either mock treatment,
1-mM PAC, or 1-mM PAC plus 1-mM GA4 (P + G) for 12 h.
For analysis of GID1 protein levels in WS, Col, pux1 mutant,
gid1bc double mutant, and gid1abc triple were grown for
4 days on MS agar. For protein analysis, all seedlings were
ground in liquid nitrogen. About 50–100mL of homogenized
tissue was resuspended in 25–50mL of 2� SDS–PAGE (SDS-
polyacrylamide gel electrophoresis) sample buffer (Laemmli,
1970), heated for 5 min at 95�C and centrifuged at 16,000 g
for 5 min at room temperature. Soluble supernatant was col-
lected, and protein concentration determined using Pierce
660-nm Protein Assay with Ionic Detergent Compatibility
Reagent (Thermo Scientific Waltham, MA, USA). About 20
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or 30mg of total protein for each sample were separated on
a 12.5% SDS–PAGE and transferred to nitrocellulose mem-
brane by electroblotting (Hoefer TE22) at 300 mA for 2.5 h.
Membranes were incubated at room temperature with
blocking buffer (4% (w/v) milk in Tris-buffered saline solu-
tion (20-mM Tris, 150-mM NaCl) including 0.1% (v/v)
Tween-20; TBS-T). Blots were incubated with anti-PUX1
(Rancour et al., 2004) or anti-GID1c antibodies in blocking
buffer overnight at 4�C. Membranes were washed 3 times
with TBS-T for 15 min, then incubated for 1 h at room tem-
perature with anti-rabbit IgG-horseradish peroxidase second-
ary antibodies (Invitrogen). Protein detection was performed
using an enhanced chemiluminescent system according to
the manufacturer’s protocol (SuperSignal ECL; Thermo
Scientific). Immunoblots were imaged using the iBright
C1000 Imaging System (Invitrogen) and quantitation of pro-
tein bands was performed using Photoshop. PUX1 and GID1
protein intensity were normalized to the Ponceau controls
(Figures 5, 6, and 9, C and D). Figure legends indicate the
number of replications analyzed for each experiment.

For co-immunoprecipitation, total seed protein extracts
(500-mg reaction–1) were treated with 0, 1, and 100-mM GA4

and incubated with anti-HA-tag mAb magnetic beads (MBL
International, Woburn, MA, USA) at 4�C overnight with
gentle agitation (Figure 8). Beads were washed 3 times with
1-mL extraction buffer with or without GA4 as indicated
and resuspended in 15mL of extraction buffer with 15mL of
2� loading buffer (BioRad). For protein blot experiments,
protein samples were denatured by heating at 95�C for
5 min, fractionated on precast “Any kD” TGX gels, and blot-
ted to PVDF membranes using a semi-dry Turbo transblot-
ter at 25 V for 14 min (BioRad) (Figures 8 and 9, A and B).
Membranes were rinsed with Tris-buffered saline buffer (20-
mM Tris, 150-mM NaCl, 0.1%) including 0.1% (v/v) Tween-
20 (TBS-T) and incubated at room temperature for 30 min
with blocking solution (0.2% (v/v) ECL block in TBS-T; GE
Healthcare, Chicago, IL, USA). Blots were rinsed in TBS-T
and shaken with either anti-PUX1 antibody for 2 h at room
temperature, or anti-HA antibody for 1 h at room tempera-
ture. Membranes were washed with TBS-T, and then
incubated for 1 h at room temperature with anti-rabbit
IgG-horseradish peroxidase. Protein detection was performed
using an enhanced chemiluminescence system according to
the manufacturer’s protocol (ECL advance; GE Healthcare).
Immunoblots were visualized with a ChemiDoc imaging sys-
tem (BioRad), and relative protein band intensities normal-
ized against a Ponceau-stained control. Fold change
differences in protein band intensity were determined using
Image Lab software version 6.0.1 (BioRad) (Figure 9, A and
B). Figure legend indicates the number of replications ana-
lyzed for each experiment.

Quantitative analysis of DELLA protein levels
Antibodies used in study can be found in Supplemental
Table S3. Ws WT and pux1 mutant seedlings were grown
on MS agar in the light 5 days at 22�C. Seedlings were then
moved to MS-agar containing either mock treatment or 50-

mM MG132 for 12 h. For protein analysis, all seedlings were
ground in liquid nitrogen. Homogenized tissue of 100mL
was resuspended in 50mL of 2� SDS–PAGE sample buffer,
heated for 5 min at 95�C and centrifuged at 16,000 g for
5 min at room temperature. Soluble supernatant was col-
lected, and protein concentration determined using Pierce
660-nm Protein Assay with Ionic Detergent Compatibility
Reagent (Thermo Scientific). Twenty micrograms of protein
was separated on a 12.5% SDS–PAGE gel and immunoblot-
ted as described above with anti-GID1, anti-RGA, and anti-
cFBPase.

GST-binding studies
GST and GST-tagged GID1 proteins expressed in E. coli were
affinity purified (Griffiths et al., 2006; Ariizumi et al., 2008).
Affinity purified full-length and truncated PUX1 proteins
were prepared and treated to remove the GST-tag (Park
et al., 2007). GST or GST-tagged GID1 proteins were incu-
bated with either tag-free full-length PUX1 (at a molar ratio
of 1:1) or tag-free truncated PUX1 in 100 lL of binding
buffer (20-mM HEPES/KOH, pH 7.4, 150-mM KCl, 1-mM
MgCl2, 2-mM b-mercaptoethanol, 0.1% (v/v) NP-40) with-
out GA or with 20-lM GA3. Reactions were incubated on
ice for 30 min followed by affinity isolation using
Glutathione-Sepharose resin (Bioworld). Bound complexes
were washed 5 times with binding buffer and eluted with
50-mM Tris–HCl, pH 8.1, 150-mM NaCl, 10-mM glutathione.
Protein samples were fractionated by 12.5% SDS–PAGE and
immunoblotted as described above using anti-PUX1
antibodies.

Glycerol-gradient velocity sedimentation analysis
Arabidopsis T87 and PSB-D suspension-cultured cells were
maintained as described in Axelos et al. (1992), Kang et al.
(2001), and Van Leene et al. (2011). Cytosolic extracts from
3-day-old suspension-cultured cells were generated as in
Mayers et al. (2017) with the following modifications. Cells
were washed in lysis buffer (20-mM HEPES/KOH, pH 7.4,
150-mM KCl, 1-mM MgCl2, 2-mM b-mercaptoethanol, 1-
mM DTT, 0.01-mg mL–1 E-64 + Protease inhibitor cocktails
(PICD and PICW described in Rancour et al., 2002) 3 times,
lysed under pressure with a N2 cell disruptor, and then cen-
trifuged at 106,000 g for 20 min at 4�C using a TLA100.3 ro-
tor (Beckman Coulter, Brea, CA, USA). For preparation of
T87 protoplast cytosolic extracts, 3-day-old T87 cells were
protoplasted and lysed as in Kang et al. (2001) and Rancour
et al. (2004). Cytosolic extracts were layered on top of a
15%–40% (v/v) glycerol gradient and centrifuged at 120,000 g
for 16 h at 4�C in an SW 50.1 rotor (Beckman Coulter).
Collected fractions were analyzed by immunoblot. Protein
sedimentation standards including ovalbumin (44 kDa, 3.7S,
Sigma-Aldrich), BSA (66 kDa, 4.4S, Sigma-Aldrich), yeast alco-
hol dehydrogenase (37.5 kDa � 4, 7.6S, Sigma-Aldrich), sweet
potato beta-amylase (50 kDa � 4, 8.9S, Sigma-Aldrich), cata-
lase (60 kDa, Sigma-Aldrich), apoferritin (24 kDa � 20, 17.7S,
MP Biomedicals, Santa Ana, CA, USA), and thyroglobulin
(334 kDa, 19S, Sigma-Aldrich) were determined on parallel
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15%–40% (v/v) glycerol gradients. The fractionation profile
of the protein standards was analyzed by SDS–PAGE fol-
lowed by staining with Coomassie blue and densitometry
performed using an ImageQuant LAS4010 digital imaging
system (GE Healthcare Life Sciences) to generate standard
curves from which experimental S-values were determined
as an estimate of native molecular weight.

RT–qPCR
Plant total RNA was extracted from 4-day-old Arabidopsis
seedlings using the RNeasy Plant Mini Kit (Qiagen, MD)
with DNAse I treatment (Life Technologies) to remove ge-
nomic DNA. cDNA was synthesized using SuperScript III
Reverse Transcriptase (Invitrogen). RT–qPCR reactions were
performed using SYBR Green Master mix (Roche, Basel,
Switzerland), cDNA template, and 0.3mM of each gene-
specific primer (Supplemental Figure S4). TUB5 and UBC18
were used as internal controls for normalizing gene expres-
sion. A three-step PCR cycle was performed using a 7500
Fast Real Time PCR system (Applied Biosystems) to deter-
mine the cycle threshold (CT) and relative transcript levels
calculated using the delta–delta CT method (Livak and
Schmittgen, 2001).

Accession numbers
Arabidopsis gene and protein sequence data can be found
in the Arabidopsis Information Resource (https://www.arabi
dopsis.org/): CDC48a (AT3G09840), GAI (AT1G14920),
GA20ox1 (AT4G25420), GA3ox1 (AT1G15550), GID1a
(AT3G05120), GID1b (AT3G63010), GID1c (AT5G27320),
RGA (AT2G01570), PUX1 (AT3G27310), SLY1 (AT4G24210),
cFBPase (AT1G43670), UBC18 (AT5G42990), and TUB5
(AT1G20010).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Amino acid sequence alignment
of PUX1 and truncated transformants T1 and T2 isolated
from the yeast two-hybrid screen.

Supplemental Figure S2. Detection of in vivo interactions
between GID1 and PUX1 proteins in bait prey swaps.

Supplemental Figure S3. Mutant pux1 seeds display de-
creased sensitivity to GA inhibitor paclobutrazol.

Supplemental Figure S4. Loss-of-function pux1 mutants
are nonresponsive to exogenous GA.

Supplemental Figure S5. At 32 DAG, Ws WT has just
transitioned to flowering.

Supplemental Figure S6. Immunoblot analysis of DELLA
protein levels in pux1-1 and WT seedlings.

Supplemental Figure S7. Binding of the PUX1 UBX do-
main to GID1 is not affected by the presence of GA.

Supplemental Figure S8. Validation of anti-HA antibody
specificity: anti-HA antibodies did not immunoprecipitate
PUX1 protein.

Supplemental Figure S9. Differences in the velocity sedi-
mentation profile of PUX1 and CDC48a in cell extracts from
T87 protoplasts and T87 suspension-cultured cells.

Supplemental Figure S10. Germination efficiency of dor-
mant and after-ripened Ler WT and sly1-2 seeds used to
generate the yeast two-hybrid cDNA library.

Supplemental Table S1. Yeast two-hybrid screen
summary.

Supplemental Table S2. List of GID1b interactors.
Supplemental Table S3. Antibodies used in this study.
Supplemental Table S4. Primers used in this study.
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Supplemental Figure S1. Amino acid sequence alignment of PUX1 and truncated
transformants T1 and T2 isolated from the yeast two-hybrid screen. Dashed lines
represent the missing amino acid sequences from the two recovered PUX1
transformants. The solid bar indicates the amino acid sequence of the ubiquitin
binding (UBX) domain present in full-length PUX1 and truncated yeast two-hybrid
PUX1 isolates.



Supplemental Figure S2. Detection of in vivo interactions between GID1 and PUX1 proteins in
bait prey swaps. In yeast two-hybrid experiments, full-length PUX1 bait constructs interacted with
full-length (A) GID1a and (B) GID1b proteins fused to the Gal4 DNA binding domain interact with
or without 10 µM GA3. F1 and F2 represent two independent transformants expressing full-length
PUX1 constructs. Yeast samples were plated as undiluted (U) samples and at dilutions of 1/10
(10-1), 1/100 (10-2), and 1/1000 (10-3) on synthetic dextrose media without leucine and tryptophan
(-Leu-Trp), or without leucine, tryptophan, and histidine, and with 10 mM 3AT (-Leu-Trp-His +
3AT), and in the presence or absence of GA. Controls included with each screen are a weak
interaction control (W), a strong interaction control (S), and a negative interaction control (N).



Supplemental Figure S3. Mutant pux1 seeds display decreased sensitivity to GA
inhibitor paclobutrazol (PAC). Ws, (A) pux1-1, and (B) pux1-2 seeds were imbibed at 4ºC
with or without 0.5 µM PAC for 24 hours, washed 3 times with water, plated on 0.5 X MS
agar and germinated in the light at 22ºC. Germination was scored daily. Percent
germination is the average of three biological replicates, and n=100. Statistical
significance was determined by analysis of variance (ANOVA) using a Tukey’s pairwise
comparison, and p-values of <0.05 are indicated with an asterisk (*).
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Supplemental Figure S4. Loss-of-function pux1 mutants are non-
responsive to exogenous GA. Aerial portions of mock or 10 μM GA3
treated 33-d-old wild-type pux1-1 and pux1-2 mutant plants . All
plants were homozygous for the genotype(s) indicated. Plants were
sprayed with either 10 μM GA3 or mock treatment once per week.
Mutant pux1 plants bolted faster than wild type, but their final heights
were similar to wild-type plants (Fig 3B, C).



Supplemental Figure S5. At 32 days after germination (DAG), Ws WT has just transitioned to 
flowering

1 
cm
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Supplemental Figure S6. Immunoblot analysis of DELLA protein levels in pux1-1 and wild
type seedlings. (A, B, C) Immunoblots of total protein extracts from Ws WT and pux1-1
mutant 5-d-old seedlings treated with MG132 or DMSO used for quantitation of RGA protein
levels in Fig. 6B. Total protein extracts of sly1-2 and sly1-2/rga-24 and sly1-2/gai-t6 double
mutant seedlings were analyzed in parallel to confirm the identity of the polypeptide detected
by immunoblotting with anti-RGA antibodies in Ws WT and pux1-1 protein extracts. cFBPase
was detected as a loading control. 20 µg total protein was loaded per lane.

C



Supplemental Figure S7. Binding of the PUX1 UBX domain to GID1 is not affected by
the presence of GA. In vitro analysis of GST-GID1b and GST-GID1c binding to truncated
PUX1 proteins containing the UBX domain in the presence of GA . Purified GST (lane 1)
or GST-GID1b,c (lane 2,3) were incubated with tag-free N-UBX, or 13.UBX.10, of PUX1
in the presence of GA. Input lane of purified respective PUX1 truncation proteins (lane 4)
was used as a control. Ponceau Stain (P) was used to visualize input protein.



Supplemental Figure S8: Validation of anti-HA antibody specificity: Anti-HA antibodies did
not immunoprecipitate PUX1 protein. (A, B) Immunoblot analysis of total (Input; IN) and anti-
HA immunoprecipitated (co-IP) proteins from untransformed ga1-3 seeds and transgenic ga1-
3 HA seeds expressing the HA epitope. Seeds were imbibed at 4ºC for 3 days and then
moved to 22ºC in the light for 2 days. 60 µg of seed protein extracts were incubated with α-HA
magnetic beads and PUX1 protein was detected with anti-PUX1 primary antibody (1:5000),
and anti-rabbit HRP secondary antibody (Sigma; 1:10,000). Protein loading was visualized
with Ponceau (P). HA was detected with anti-HA primary antibody (1:5000), and anti-rabbit
HRP secondary antibody (Sigma; 1:10,000).



Supplemental Figure S9. Differences in the velocity sedimentation profile of PUX1 and
CDC48a in cell extracts from T87 protoplasts and T87 suspension-cultured cells. Immunoblot
analysis of total protein extracts from T87 protoplasts (A) and T87 suspension-cultured cells
(not protoplasted) (B) were fractionated by velocity sedimentation centrifugation. For
preparation of protein extracts, protoplasts were lysed by extrusion through a 25-gauge
needle whereas T87 suspension-cultured cells were lysed using a N2 cell disrupter. 500 µg of
total protein extract was fractionated by centrifugation on a 10% to 40% glycerol gradient.
Arrows indicate fractionation of molecular mass standards with their indicated Svedberg (S)-
values.

A = Arabidopsis Protoplast 
B = T87 Arabidopsis-cultured cells
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Supplemental Figure S10. Germination efficiency of dormant and after-ripened Ler WT
and sly1-2 seeds used to generate the yeast two-hybrid cDNA library. The yeast two-
hybrid cDNA library used for screen for GID1 interactors was made from wild-type Ler
and sly1-2 mutant seeds which display differences in dormancy with genotype and with
after-ripening. Seeds were harvested at physiological maturity when siliques turned
yellow, and then after-ripened for 2 weeks (solid line) or for 2 months (dotted line) at
room temperature before storage at -20°C to slow further after-ripening. Seeds were
plated on MS-agar and imbibed at 4°C for 3 d, and then moved to 22°C in the light for 11
d. Germination was scored daily until seeds stopped germinating. Percent germination is
the average of three biological replicates, and n=100. Error bars = SD.



Two-Hybrid Screen Total

Transformants
Putative Clones
Clones Retested
Interaction Score (3-5)
GA-Enhanced

8.97 x 107             

2820                        
221                       
90                            
22                          

Supplemental Table S1. Yeast Two-Hybrid screen summary.

GA = 10 µM GA3



Gene Name
AT1G03880
AT1G04410
AT1G04560
AT1G05340
AT1G07920
AT1G07950
AT1G07985
AT1G08360
AT1G12440
AT1G13280
AT1G14980
AT1G15100
AT1G17100
AT1G19540
AT1G21460
AT1G26470
AT1G27990
AT1G44446
AT1G52730
AT1G52930
AT1G53750
AT1G54100
AT1G54860
AT1G60420
AT1G66510
AT1G67120
AT1G68250
AT1G70840
AT1G73190
AT1G74670
AT1G75630
AT1G75830
AT1G77680
AT1G77770
AT1G77920
AT1G78040
AT1G78380
AT2G02120
AT2G05580
AT2G15690
AT2G15890
AT2G17250
AT2G18510
AT2G20490

CRU2                                                                                            
C-NAD-MDH1                                                                            
AWPM-19-like                                   
Unknown function                            
GTP binding Elongation Factor Tu                                      
MED22B                                             
Unknown function                                                                  
L1p/L10e                                                                                   
A20/AN1-like zinc finger family                                     
AOC4                                                    
CPN10                                                                                     
RING-H2 finger protein RHA2a                                          
SOUL heme-binding family                                           
NmrA-like                                                                                
ATSWEET1                                             
Unknown function                               
Unknown function                                                                
CHLORINA1                                                                         
TransducinWD40 repeat like                                            
Ribosomal RNA Brix domain protein                                     
RT1A                                                    
ALDH7B4                                                                               
GPI-anchored Glycoprotein                                   
Reduce transmission through pollen                                     
AAR2 protein family                           
ATPases                                                                                    
Unknown function                              
MLP-like protein 31 (MLP31)                              
ALPHA-TIP                                        
GASA6                                                
AVA-P4                                               
LCR67 (PR) protein                            
Ribonuclease 11/R family protein                               
Zinc binding function unknown                                
bZIP transcription factor family                
Pollen Ole e1                                       
ATGSTU19 (TAU 19)                                
LCR70                                                  
Glycine-rich protein family                              
TPR-like superfamily protein                           
MEE14                                         
EMB2762                                             
EMB2444                                            
NOP10 (EDA27)                                 

Supplemental Table S2. List of GID1b interactors.  



Gene Name
AT2G21490
AT2G21820
AT2G23090
AT2G26355
AT2G27530
AT2G27940
AT2G34360
AT2G35300
AT2G40170
AT2G41260
AT2G44860
AT2G44990
AT2G45510
AT2G47770
AT3G01570
AT3G02200
AT3G06420
AT3G07780
AT3G08505
AT3G09440
AT3G09890
AT3G11500
AT3G14660
AT3G15660
AT3G20480
AT3G22640
AT3G22900
AT3G27310
AT3G27660
AT3G48510
AT3G49910
AT3G50970
AT3G50980
AT3G56150
AT3G57290
AT4G09800
AT4G13850
AT4G14720
AT4G18650
AT4G22820
AT4G25140
AT4G27140
AT4G27150
AT4G27160

LEA dehydrin                                    
Unknown function                             
Unknown function (SERF)     
Potential natural antisense gene Ribosomal 
protein L10aP (PGY1)    
RING/U-box superfamily                  
MATE efflux family protein 
LEA4-2/LEA18                                 
LEA, ATEM6                                   
ATM17                                             
Ribosomal protein L24e     
ATCCD7 (MAX3)                            
CYP704A                                          
AtTSPO
Oleosin family protein                       
PCI domain protein                           
ATG8H                                 
OBE1                                               
Zinc finger C3HC4-type RING  
HSP 70                                              
Ankyrin repeat family                       
Small nuclear ribonuclear protein 
CYP72A13                                       
Glutathoredoxin 4 (GTX 4)
ATLPXK                                          
PAP85                                              
NRPD7                                                                               
PUX1                                               
OLEO4                                            
Unknown function                           
SH3-like                                          
LT130, XERO2                                
XERO1                                           
EIF3c                                                
EIF3e (INT-6)                                  
RPS18C                                           
ATGRP2                                          
PPD2, TIFY4B
Unknown function (maternal) 
A20/AN1-like zinc finger family 
OLEO1                                            
SESA1                                             
SESA2                                             
SEAS3                                             



Gene Name
AT4G28520
AT4G28528
AT4G30650
AT4G30910
AT4G30990
AT4G31700
AT4G33467
AT4G34881
AT4G38740
AT4G39130
AT5G02960
AT5G03940
AT5G06190
AT5G06760
AT5G07090
AT5G10940
AT5G12030
AT5G21280
AT5G21940
AT5G22440
AT5G22750
AT5G26742
AT5G27850
AT5G35660
AT5G40340
AT5G40370
AT5G40420
AT5G44120
AT5G47030
AT5G50700
AT5G54740
AT5G57550
AT5G58070
AT5G58420
AT5G59170
AT5G59400
AT5G61220
AT5G61820
AT5G65207
AT5G66400
AT5G66760
AT5G66780
AT5G67220
AT5G67600

CRU3                                                                       
Unknown function                                                             
Low temp and salt response                                             
Cytosol aminopeptidase family                                       
ARM repeat superfamily                                                 
RPS6                                                                                  
Unknown function                                                             
Unknown function                                                             
ROC1                                                                                
Dehydrin family protein                                                  
S12/S23                                                                              
54 Chloroplast protein                                                         
Unknown function                                                             
LEA4-5                                                                        
Ribosomal protein (S4)                                                      
Transducin family (WD-40)         
ATHSP17.6A          
Hydroxyproline-rich glycoprotein  
Unknown function  
L1p/L10e family  
DNA repair (RAD5) 
EMB1138         
L18e/L15                    
Glycine-rich protein                        
Tudor/PWWP/MBT                       
GRXC2                 
OLEO1 
CRU1           
Mitochondrial ATP synthase δ     
HSD1        
SESA5 
XTR3     
ATTIL   LIPOCALIN    
RPS4A  
Proline-rich extension-like family  
Unknown function                                   
LYR family Fe/S cluster     
Unknown function
Unknown function   
Dehydrin RAB18                            
SDH1-1  
Unknown function                        
FMN-linked oxidoreductase                                                
WIH1 unknown function                  



Antibodies Clonality Primary Dilution
Immunoblot

Secondar
y
HRP

Secondary 
Dilution

Citation

anti-GID1c Polyclonal 1:1000 Rabbit 1:5000 Agrisera (AS14), 
Hauvermale et al., 2015

anti-PUX1 Polyclonal 1:5000 Rabbit 1:5000 Rancour et al., 2004

anti-CDC48a Polyclonal 1:500 Chicken 1:5000 Rancour et al., 2004

anti-cFBPase Polyclonal 1:5000 Rabbit 1:5000 Agrisera (AS04043)

anti-PAP Polyclonal 1:2500 N/A SigmaAldrich (P1291)

anti-HA Polyclonal 1:5000 Rabbit 
(HRP)

1:10,000 Immuno Consultants 
Laboratory (RHGT-45A-
Z)
Hauvermale et al., 2015

anti-RGA Polyclonal 1:1000 Rabbit 1:5000 Agrisera (AS11) 
Leone et al., 2014

Supplemental Table S3. Antibodies used in this study.



Supplemental Table S4. Primers used in this study.
Primer Names Primer Sequence Purpose Citation
GID1a SYB Forward 
Primer GAAATGGCTGCGAGCGATGAAG RT-qPCR
GID1a SYB Reverse 
Primer ATTGAGAGGAACCACTGTTCTGC RT-qPCR
GID1b SYB Forward 
Primer TGGAGACTATGGCTGGTGGTAAC RT-qPCR
GID1b SYB Reverse Prime AGTGGGACAATTCTCTTGCATTCG RT-qPCR
GID1c SYB Forward 
Primer TCTTCGATCTGGGCTTTCGTGTC RT-qPCR
GID1c SYB Reverse 
Primer ATTGAGAGGAACCACTGTCTTGC RT-qPCR
GID1a Forward Seq. 
Primer TCCCAGTCACGACGTTGTAAAAC Sequencing
GID1a Reverse Seq. 
Primer AACAGCTATGACCATG Sequencing
GID1b/c Forward Seq. 
Primer TCCCAGTCACGACGTTGTAAAAC Sequencing
GID1b/c Reverse Seq. 
Primer 

TAAGGCTAGAGTACTTAATACGACT
CACTATAGG Sequencing

AHBaitForward AACCGAAGTGCGCCAAGTGTCTG Bait plasmid sequencing
AHPreyForward TATAACGCGTTTGGAATCACT Prey plasmid sequencing

AHBaitPreyReverse AGCCGACAACCTTGATTGGAGAC
Bait/Prey plasmid 
sequencing

AtGID1a-OrfF ATGGCTGCGAGCGATGAAGT Cloning/Sequencing
Ariizumi et al., 
2008

AtGID1a-OrfR
TTAACATTCCGCGTTTACAAACGCC
GAA Cloning/Sequencing

Ariizumi et al., 
2008

AtGID1b-OrfF ATGGCTGGTGGTAACGAAGT Cloning/Sequencing
Ariizumi et al., 
2008

AtGID1b-OrfR CTAAGGAGTAAGAAGCACAG Cloning/Sequencing
Ariizumi et al., 
2008

PUX1F ATGTTTGTTGATGACCCTTCTC
5'-PUX1 
Cloning/Sequencing

Rancour et al., 
2004

PUX1R TCACATTTTAAACCACTTAGGC
3'-PUX1 
Cloning/Sequencing

Rancour et al., 
2004

RGA Forward TGGCCAAGGTTATCGTGTGGAG RT-qPCR
RGA Reverse ACGAGTGTGCCAACCCAACATC RT-qPCR
GAI Forward TCACCGACCTTAATCCTCCGT RT-qPCR
GAI Reverse CGAATCGATAGCGAACTGATTG RT-qPCR
UBC18 Forward ACCCAGTCGGTGGATTTACTTGC RT-qPCR
UBC18 Reverse GAAATGGCTGCGAGCGATGAAG RT-qPCR
TUB5 Forward CTCAGCACTCCTAGCTTTGGAGAC RT-qPCR
TUB5 Reverse TTAGGTTCACCGCGAGTTTCCTG RT-qPCR
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