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COP1 positively regulates ABA signaling during
Arabidopsis seedling growth in darkness by mediating
ABA-induced ABI5 accumulation
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Abstract

CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1), a well-characterized E3 ubiquitin ligase, is a central repressor of seed-
ling photomorphogenic development in darkness. However, whether COP1 is involved in modulating abscisic acid (ABA)
signaling in darkness remains largely obscure. Here, we report that COP1 is a positive regulator of ABA signaling during
Arabidopsis seedling growth in the dark. COP1 mediates ABA-induced accumulation of ABI5, a transcription factor playing
a key role in ABA signaling, through transcriptional and post-translational regulatory mechanisms. We further show that
COP1 physically interacts with ABA-hypersensitive DCAF1 (ABD1), a substrate receptor of the CUL4-DDB1 E3 ligase target-
ing ABI5 for degradation. Accordingly, COP1 directly ubiquitinates ABD1 in vitro, and negatively regulates ABD1 protein
abundance in vivo in the dark but not in the light. Therefore, COP1 promotes ABI5 protein stability post-translationally in
darkness by destabilizing ABD1 in response to ABA. Interestingly, we reveal that ABA induces the nuclear accumulation of
COP1 in darkness, thus enhancing its activity in propagating the ABA signal. Together, our study uncovers that COP1 mod-
ulates ABA signaling during seedling growth in darkness by mediating ABA-induced ABI5 accumulation, demonstrating
that plants adjust their ABA signaling mechanisms according to their light environment.

Introduction adaptation to these stresses (Cutler et al, 2010; Finkelstein,

Plants have evolved a remarkable ability to survive abiotic 2013; Li et al, 2017; Chen et al, 2020). Therefore, ABA has
stresses. The phytohormone abscisic acid (ABA) rapidly  long been regarded as a “stress hormone”. However, ABA
accumulates in response to environmental stresses such as  also clearly regulates additional aspects of plant growth and
drought, cold, or salinity, and plays important roles in plant  development, including seed maturation and dormancy,
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IN A NUTSHELL

Background: The phytohormone abscisic acid (ABA) rapidly accumulates in response to environmental stresses
such as drought, and plays important roles in plant adaptation to these stresses. Binding of ABA by ABA recep-
tors triggers a signaling cascade that modulates the expression of ABA-responsive genes, and the transcription
factor ABA INSENSITIVES (ABI5) plays an important role in mediating ABA-regulated gene expression. Although
plants are subjected to darkness at night under natural conditions and their roots mostly grow in the dark, the
mechanisms  behind ABA  signaling in the dark remain largely obscure. CONSTITUTIVELY
PHOTOMORPHOGENIC1 (COP1) is a well-characterized E3 ubiquitin ligase, and cop1 mutant seedlings grown in
the dark develop a phenotype resembling wild-type seedlings grown in the light, indicating that COP1 is a central
repressor of seedling photomorphogenic development in darkness.

Question: Is COP1 involved in regulating ABA signaling in the dark?

Findings: We discovered that COP1 is a positive regulator of ABA signaling during Arabidopsis seedling growth
in the dark. ABI5 protein accumulates to lower levels in dark-grown cop1 seedlings, while overexpression of ABI5
rescued the ABA-hyposensitive phenotype of cop1 seedlings, indicating that COP1 positively regulates ABA signal-
ing in darkness by mediating ABA-induced ABI5 accumulation. We further show that COP1 physically interacts
with ABA-hypersensitive DCAF1 (ABD1), a substrate receptor of the CUL4-DDB1 E3 ligase targeting ABI5 for deg-
radation. In addition, COP1 directly ubiquitinates ABD1 in vitro, and negatively regulates ABD1 protein abun-
dance in vivo in the dark but not in the light. Therefore, COP1 promotes ABI5 protein stability post-translation-
ally in darkness by destabilizing ABD1 in response to ABA. Interestingly, we reveal that ABA induces the nuclear
accumulation of COP1 in darkness, thus enhancing its activity in propagating the ABA signal. Finally, we con-
clude that wild-type seedlings grown in the light are more resistant to ABA than those grown in the dark, indi-
cating that plants adjust their ABA signaling mechanisms according to their light environment.

Next steps: We aim to elucidate the molecular mechanism underlying ABA induction of COP1 nuclear accumu-
lation in the dark. In addition, we are interested in investigating the roles of photoreceptors in regulating ABA

signaling in response to light.

seed germination, seedling establishment, root growth, sto-
matal movement, flowering, and senescence (Cutler et al,
2010; Finkelstein, 2013; Li et al, 2017; Chen et al, 2020).
Over the past four decades, an array of components in-
volved in the ABA signaling network has been identified,
among which, ABA INSENSITIVE1-3 (ABI1-ABI3) were the
first  ABA-responsive loci identified in  Arabidopsis
(Arabidopsis thaliana; Koornneef et al, 1984). The abi4 and
abi5 mutations were isolated later by forward genetic
screening for Arabidopsis mutants showing ABA insensitivity
(Finkelstein, 1994). Molecular cloning of ABIT to ABI5 genes
revealed that ABI1 and ABI2 proteins are group A protein
phosphatase 2Cs (PP2Cs; Leung et al, 1994, 1997; Meyer
et al, 1994; Rodriguez et al, 1998), whereas ABI3, ABI4, and
ABI5 proteins are transcription factors of the B3-domain,
APETALA2 (AP2)/ETHYLENE RESPONSE FACTOR, and basic
leucine zipper (bZIP) families, respectively (Giraudat et al,
1992; Finkelstein, 1994, 1998; Finkelstein and Lynch, 2000). In
2009, two groups independently reported the molecular
characterization of PYRABACTIN RESISTANCE1 (PYR1)/
PYR1-LIKE (PYL)/REGULATORY COMPONENTS OF ABA
RECEPTOR (RCAR) proteins as ABA receptors (Ma et al,
2009; Park et al,, 2009). This breakthrough led to the current
model of the ABA signaling pathway, which includes a cen-
tral signaling module consisting of three protein classes, i.e.
ABA receptors (PYR1/PYL/RCARs), coreceptors (group A

PP2Cs, including ABI1 and ABI2), and sucrose nonferment-
ing1 (SNF1)-related protein kinase 2s (SnRK2s). In the ab-
sence of ABA, PP2Cs directly interact with and inhibit the
kinase activity of SnRK2s, thus repressing downstream sig-
naling events of the ABA signaling pathway. In the presence
of ABA, however, ABA-bound PYR1/PYL/RCAR proteins
form coreceptor complexes with PP2Cs and inhibit their
phosphatase activity, thus releasing the kinase activity of
SnRK2s to subsequently phosphorylate downstream signal-
ing targets such as ABA-RESPONSIVE ELEMENT-BINDING
FACTORS (abbreviated as either AREBs or ABFs) or ABI5
(Cutler et al, 2010; Finkelstein, 2013; Li et al, 2017; Chen
et al,, 2020).

ABI5 was shown to play fundamental roles in transducing
ABA signals during seed germination and early seedling
growth (Finkelstein, 1994; Finkelstein and Lynch, 2000).
Interestingly, ABI5 belongs to the same clade as ABFs, and
they share several conserved functional motifs in addition to
the bZIP domain (Jakoby et al, 2002; Corréa et al, 2008).
However, only ABI5 in this clade was identified by forward
genetic screens, whereas ABFs were isolated in yeast one-
hybrid screening by using ABA-responsive elements (ABREs)
as bait (Choi et al, 2000; Uno et al, 2000). ABI5 and ABFs
share multiple conserved RXXS/T sites, and SnRK2 kinases
have been shown to play a major role in phosphorylating
the Ser/Thr residues of these sites in an ABA-dependent
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manner (Uno et al, 2000; Furihata et al, 2006; Fujii et al,
2007, 2009; Nakashima et al, 2009). Moreover, both ABI5
transcript and ABI5 protein levels are induced by ABA, and
ABA can stabilize ABI5 by preventing its turnover (Lopez-
Molina et al,, 2001). The fact that ABI5 proteins accumulate
to higher levels in seedlings treated with 26S proteasome
inhibitors and in mutant seedlings lacking a subunit of the
26S proteasome suggests that ABIS turnover is mediated
through the 26S proteasome pathway (Lopez-Molina et al,
20071; Smalle et al, 2003). Consistent with these results, sev-
eral types of E3 ubiquitin ligases have been identified that
participate in ABI5 ubiquitination and degradation. KEEP
ON GOING (KEG), a RING-type E3 ligase, directly interacts
with and targets ABI5 for ubiquitination in vitro (Stone
et al, 2006; Liu and Stone, 2010). Interestingly, KEG appears
to target ABI5 for degradation mainly in the cytoplasm in
the absence of ABA (Liu and Stone, 2013), whereas in re-
sponse to ABA treatment, ABI5 accumulates in the nucleus
and its stability may be controlled by several CULLIN4
(CUL4)-based E3 ligases specified by the substrate receptors
DWD HYPERSENSITIVE TO ABA1 (DWA1), DWA2, and
ABA-HYPERSENSITIVE DCAF1 (ABD1) (Lee et al,, 2010; Seo
et al, 2014). DWA1, DWA?2, and ABD1 interact with ABI5
and negatively regulate ABI5 protein stability in response to
ABA, thus acting as negative regulators of ABA signaling
(Lee et al, 2010; Seo et al, 2014).

CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1) is an
evolutionarily conserved E3 ubiquitin ligase involved in multi-
ple processes in many different organisms, including plant de-
velopment and mammalian metabolism, tumorigenesis, and
neuron development (Yi and Deng 2005 Li et al, 2017;
Marine, 2012; Han et al,, 2020). The copT mutant was first iso-
lated in a genetic screen for mutants displaying constitutive
photomorphogenic phenotypes in the dark (Deng et al,
1991). COP1 protein is composed of three domains: an N-ter-
minal RING-finger domain (RING), a coiled-coil domain (Coil)
in the middle, and a C-terminal WD40 domain (Deng et al,
1992; Han et al, 2020). COP1 interacts with SUPPRESSOR OF
phyA-105 (SPA) proteins to form E3 ubiquitin ligase com-
plexes that target multiple photomorphogenesis-promoting
factors for ubiquitination and degradation, such as
ELONGATED HYPOCOTYL5 (HY5; Osterlund et al, 2000),
HY5 HOMOLOG (HYH; Holm et al, 2002), LONG AFTER
FAR-RED LIGHT1 (LAF1; Seo et al, 2003), LONG
HYPOCOTYL IN FAR-RED1 (HFR1; Duek et al, 2004; Jang
et al, 2005; Yang et al, 2005), and a series of B-BOX (BBX)
proteins (Xu et al, 2016; Lin et al, 2018; Song et al, 2020).
COP1 localizes to the nucleus in darkness; upon light expo-
sure, COP1 migrates from the nucleus to the cytosol, thus
allowing the nuclear accumulation of photomorphogenesis-
promoting factors (such as HY5) and the initiation of photo-
morphogenesis (von Arnim and Deng 1994; Pacin et al,
2014; Podolec and Ulm, 2018). In addition to its pivotal role
in regulating seedling photomorphogenesis, COP1 is also in-
volved in mediating a variety of plant responses to develop-
mental and environmental cues, such as flowering, stomatal
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opening and development, responses to environmental
stresses, and crosstalk between light and phytohormonal sig-
naling pathways (reviewed in Yi and Deng 2005 Lau and
Deng, 2012; Huang et al, 2014; Han et al, 2020).

We  recently reported that PHYTOCHROME-
INTERACTING FACTORs (PIFs) regulate ABA signaling spe-
cifically in darkness by binding directly to the ABI5 promoter
and mediating ABA-induced expression of ABI5 (Qi et al,
2020). Interestingly, the pifqg mutant (the pif1 pif3 pif4 pifs
quadruple mutant) seedlings exhibited a cop phenotype
(Leivar et al, 2008). The prominent cop phenotype of cop1
mutants prompted us to investigate whether COP1 is in-
volved in mediating ABA signaling in the dark as well. In
this study, we report that COP1 positively regulates ABA sig-
naling during Arabidopsis seedling growth in the dark by
mediating ABA-induced accumulation of ABI5 through tran-
scriptional and post-translational regulatory mechanisms.
We further show that COP1 physically interacts with ABD1,
a substrate receptor of the CUL4-based E3 ligase targeting
ABI5 for 26S proteasome-mediated degradation, ubiquitinat-
ing ABD1 in vitro and negatively regulating ABD1 protein
abundance in vivo. Interestingly, we observed that ABA
treatment promotes nuclear enrichment of COP1 in dark-
ness, thus promoting COP1-mediated ABD1 degradation
and ABI5 protein accumulation. Together, our data demon-
strate that COP1 plays a critical role in regulating ABA sig-
naling in the dark.

Results

COP1 regulates ABA signaling in darkness

To investigate whether COP1 plays a role in mediating ABA
signaling in the dark, we compared the seed germination
rates of wild-type (Col-0) and two weak copT mutant alleles
(cop1-4 and cop1-6) sown on Murashige and Skoog (MS)
medium or MS medium containing 0.5- or 1-uM ABA in
darkness. We observed that the germination rates of both
cop1 mutants are significantly lower than those of Col-0 in
all tested conditions (Figure 1A), indicating that COP1 pro-
motes seed germination in the dark in the presence or ab-
sence of ABA.

Seedling growth is another well-characterized develop-
mental process regulated by ABA (reviewed in Finkelstein,
2013; Li et al, 2017; Chen et al,, 2020). To examine whether
COP1 was involved in mediating ABA regulation of seedling
growth, we allowed Col-0 and copl mutant seedlings to
grow vertically on various concentrations of ABA (ranging
from 0 to 1 uM) in darkness. Notably, we determined that
seedling growth of both cop1 alleles is more resistant to
ABA than Col-0 in darkness (Figure 1B). We also grew Col-0
and the cop1 mutants horizontally on MS medium contain-
ing no ABA or 05-uM ABA in darkness for various days,
and measured the rates of seedling establishment based on
the criteria recently used by Yadukrishnan et al. (2020) that
hypocotyls and cotyledons should emerge completely in
established seedlings. Our data indicated that both Col-0
and the cop7 mutant seedlings are well established after
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Figure 1 cop1 mutants are less sensitive to ABA-inhibited seedling growth in darkness. A, Germination rate measurements. Hydrated seeds for
Col-0 and the cop1 mutants were sown on MS medium containing various concentrations of ABA, and then grown in darkness. Seed germination
was defined as the first sign of radicle tip emergence and scored daily until day 6. Error bars represent the standard deviation (sp) of three inde-
pendent sets of seeds, each set containing 50 seeds. *P < 0.05, **P < 0.01, and **P < 0.001 (Student’s t test; Supplemental Data Set S1) for the
indicated pairs of seeds. B, Growth of cop1 seedlings is insensitive to ABA. Col-0 and cop1 seedlings were grown vertically on MS medium with the
indicated ABA concentrations in darkness (D) for 5 days. Bar = 1 cm. C, Seedling establishment of cop7 mutants is less sensitive to ABA. Col-0
and cop1 seedlings were grown horizontally on MS medium or MS medium containing 0.5-uUM ABA in darkness for 5 days. Bar = 1 cm. D,
Seedling establishment rate measurements. Col-0 and cop1 seedlings were grown horizontally on MS medium or MS medium containing 0.5-uM
ABA in darkness. Error bars represent sp of three independent pools of seedlings, each pool containing 50 seedlings. *P < 0.05, **P < 0.01, and
P < 0.001 (Student’s t test; Supplemental Data Set S1) for the indicated pairs of seedlings.

growing for 4 days in darkness in the absence of ABA; how-
ever, in the presence of 0.5-uM ABA, the seedling establish-
ment rates of both cop mutant alleles were remarkably
higher than those of Col-0 in the dark (Figure 1, C and D).
Together, these data demonstrate that COP1 mediates ABA
inhibition of seedling growth in the dark.

Notably, we observed that cop1-4 and cop1-6 mutant
seedlings display different levels of ABA resistance in the
dark, which may be explained by different mutations in
these two cop1 alleles (in cop1-4, a C-to-T mutation results
in a truncated COP1 protein that contains only the N-termi-
nal 282 amino acids [aa)], whereas in cop1-6, an A-to-G sub-
stitution at the 3'-end of the fourth intron leads to four
cryptically  spliced products; McNellis et al, 1994).
Collectively, our data demonstrate that COP1 negatively
regulates ABA inhibition of seed germination but positively
regulates ABA inhibition of seedling growth in darkness.

COP1 positively regulates ABA signaling during
seedling growth in darkness through ABI5

Next, we explored the molecular mechanism underlying
COP1 regulation of ABA signaling during seedling growth.
We recently generated antibodies against ABI1 (Kong et al,,
2015), ABI2 (Wang et al, 2019b), and ABF1 to ABF4

transcription factors (Wang et al, 2019b), and in this study
we successfully generated new antibodies against the ABA
receptor PYR1 and the kinase OPEN STOMATA1 (OST1;
Supplemental Figure S1). We then asked whether COP1
might modulate the abundance of these key proteins of the
ABA signaling pathway in darkness. We first grew Col-0 and
the copT mutant seedlings in darkness for 4 days without
ABA, and then treated them with 50-uM ABA for 1, 3, or 6
h, respectively. Our immunoblot data indicated that PYR1
and OST1 abundance is not substantially altered after ABA
treatment in either Col-0 or cop7 mutant seedlings in dark-
ness (Figure 2A). However, whereas the levels of both ABI1
and ABI2 proteins were highly induced by ABA in dark-
grown Col-0 seedlings, ABA-induced ABI1 and ABI2 protein
accumulation was greatly impaired in copl mutants
(Figure 2A). We recently reported that ABA rapidly and dra-
matically induces the transcription of ABIT and ABI2 and
thus the accumulation of ABIT and ABI2 proteins in the
light, which is due to a feedback regulatory mechanism me-
diated by ABI5-clade transcription factors (likely including
ABI5 itself) to desensitize ABA signaling (Wang et al,
2019b). In this study, our data showed that addition of the
protein synthesis inhibitor cycloheximide (CHX) efficiently
inhibits the ABA-mediated induction of ABI1/ABI2 protein
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Figure 2 COP1 positively regulates ABA signaling during seedling growth in darkness through ABI5. A, Immunoblots showing the abundance of
PYR1, OST1, ABI1, ABI2, and ABI5 in Col-0 and cop1 mutant seedlings before and after ABA treatment. Four-day-old Col-0, cop1-4, and cop1-6 mu-
tant seedlings grown in darkness were first treated with 50-1LM ABA for the indicated times, and then harvested and subjected to immunoblotting
using antibodies against PYR1, OST1, ABI1, ABI2, and ABI5 proteins. Anti-RPN6 or anti-HSP was used as sample loading control. Numbers below
the immunoblots indicate the relative band intensities of the respective proteins normalized to those of loading control for each panel. The ratio
of the first band was set to 100 for each blot. The asterisks indicate nonspecific bands. B, Germination rate measurements. Hydrated seeds for Col-
0, cop1-4, cop1-4 ABI5-GFP, and cop1-4 ABIS-MYC were sown on MS medium or MS medium containing 0.5-uM ABA. Error bars represent sp of
three independent sets of seeds, each set containing 50 seeds. *P < 0.05, **P < 0.01, and **P < 0.001 (Student’s t test; Supplemental Data Set
S1) for the indicated pairs of seeds. C, Phenotypic analyses of 5-day-old dark-grown Col-0, cop1-4, ABI5-GFP, cop1-4 ABI5-GFP, ABI5-MYC, and
cop1-4 ABI5-MYC seedlings. The seedlings were grown vertically on MS medium or MS medium with various ABA concentrations for 5 days in
darkness. Bar = 1 cm. D, Seedling establishment rate measurements. Col-0, cop1-4, cop1-4 ABI5-GFP, and cop1-4 ABIS-MYC seedlings were grown
horizontally on MS medium or MS medium containing 0.5-M ABA in darkness. Error bars represent sb of three independent pools of seedlings,

each pool containing 50 seedlings. *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t test; Supplemental Data Set S1) for the indicated pairs of
seedlings.
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accumulation in the dark, indicating that ABA-induced
ABI1/ABI2 protein accumulation in dark-grown seedlings is
also due to the upregulation of the expression of their
encoding genes (Supplemental Figure S2). Consistently, the
expression of ABIT and ABI2 was notably lower in copl
mutants before and after ABA treatment (Supplemental
Figure S3), demonstrating that COP1 positively regulates
ABI1/ABI2 transcription and thus ABI1/ABI2 protein accu-
mulation in the presence or absence of ABA.

As reported recently (Qi et al, 2020), ABA dramatically
induces ABI5 protein accumulation in dark-grown Col-0
seedlings (Figure 2A). Interestingly, although ABA still in-
duced ABI5 accumulation in the two cop1 alleles, the levels
of ABI5 protein drastically decreased in cop1-6, and further
decreased in copl-4 mutant seedlings (Figure 2A).
Consistent with these results, the seedling establishment
rates of cop1-4 mutants were higher than those of cop1-6
mutants in the dark in response to ABA (Figure 1, C and
D), suggesting that the different levels of ABIS protein in
copT1-4 and cop1-6 mutant seedlings may account for their
ABA-hyposensitive phenotypes in darkness (Figure 1, B-D).
To further investigate whether COP1 specifically mediates
ABA regulation of ABI5, we examined the levels of ABF1
and ABF4, two other ABI5-clade transcription factors, in
dark-grown cop1 mutants in response to ABA treatment.
Our immunoblot data showed that the levels of ABF1 pro-
tein are higher in both cop1 mutant alleles before and after
ABA treatment, which contradicts the ABA-hyposensitive
phenotype of copl mutants (Supplemental Figure S4A). In
contrast, ABF4 protein levels decreased slightly in both cop1
alleles; however, ABF4 did not accumulate to lower levels in
the stronger ABA-hyposensitive cop1-4 mutant relative to
cop1-6 (Supplemental Figure S4B). Together, these data sug-
gest that COP1 differentially mediates ABA regulation of
ABI5-clade transcription factors in the dark.

To determine the genetic relationship between COP1
and ABI5, we generated homozygous cop1-4 abi5-8 double
mutant (Supplemental Figure S5, A and B) by genetic
crossing. Notably, dark-grown cop1-4 abi5-8 double mu-
tant seedlings displayed similar ABA insensitivity as the
abi5 and cop1-4 single mutants in terms of root growth
(Supplemental Figure S5C). To further investigate whether
COP1 regulates ABA signaling in darkness through ABI5,
we transformed Super:ABI5-GFP (encoding a fusion pro-
tein of ABI5 and the green fluorescent protein [GFP], un-
der the control of the Super promoter) separately into
Col-0 and the cop1-4 mutant and obtained multiple ho-
mozygous lines for each transgene (Supplemental Figure
S6). We also generated homozygous cop1-4 35S:ABI5-MYC
seedlings by genetic crossing. Notably, cop1-4 Super:ABI5-
GFP seeds exhibited enhanced ABA inhibition of germina-
tion in comparison with cop1-4 mutants in the dark
(Figure 2B). In contrast, overexpression of ABI5-GFP or
ABI5-MYC efficiently rescued the ABA-hyposensitive phe-
notype of the cop1-4 mutant during seedling growth in
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darkness (Figure 2, C and D; Supplemental Figure S6).
Collectively, our data demonstrate that COP1 positively
regulates ABA signaling during seedling growth in dark-
ness by mediating ABA-induced ABI5 accumulation.

COP1 stabilizes ABI5 protein by inhibiting 26S
proteasome pathway-mediated ABI5 degradation
We hypothesized that COP1 may mediate ABA induction of
ABI5 protein accumulation through transcriptional or post-
translational regulatory mechanisms. To test whether COP1
may transcriptionally regulate ABI5, we compared ABI5 tran-
script levels in Col-0 and cop1 mutants in response to exog-
enous ABA treatment. Our reverse transcription
quantitative polymerase chain reaction (RT-qPCR) assays
showed that, indeed, ABIS transcript levels accumulate to
lower levels in response to ABA in both cop1 mutants rela-
tive to the wild-type (Supplemental Figure S7). However, the
decreased ABA induction of ABI5 expression in copl
mutants may be explained in part by the previous findings
that fewer PIF proteins accumulate in dark-grown cop1
mutants (Bauer et al, 2004; Ling et al, 2017, Pham et al,
2018), since PIFs mediate ABA induction of ABI5 expression
in darkness by directly binding to the ABI5 promoter (Qi
et al, 2020). In addition, since ABI5 was shown to directly
activate the transcription of its own gene (Xu et al, 2014),
ABI5 transcript levels should also be reduced in cop1
mutants if COP1 promotes ABI5 protein stability.

To investigate whether COP1 may post-translationally reg-
ulate ABI5 abundance, we grew Super:ABI5-GFP and cop1-4
Super:ABI5-GFP seedlings in darkness for 4 days, before being
treated with 100-uM CHX for 1-6 h. Our immunoblot data
showed that the already translated ABI5-GFP proteins are
steadily degraded in Col-0 seedlings after CHX treatment;
however, this degradation occurred much faster in cop1-4
than in Col-0 (Figure 3, A and B). Moreover, endogenous
ABI5 protein levels displayed a surprisingly faster degrada-
tion in the cop7-4 mutant than in Col-0 after CHX treat-
ment (Figure 3A; Supplemental Figure S8). Together, these
data indicate that COP1 promotes the stability of ABI5 pro-
tein in the dark.

To further explore the regulatory mechanism underlying
COP1 regulation of ABIS5 stability, we grew Col-0 and cop1-4
mutant seedlings in darkness for 4 days, and then treated
them with CHX, ABA, or CHX together with ABA. Our im-
munoblot data indicated that the already translated ABI5
protein is stabilized by exogenous ABA treatment (Figure 3,
C and D), consistent with a previous study (Lopez-Molina
et al, 2001); however, ABA-enhanced ABI5 stability was
abolished in the absence of COP1 (Figure 3, C and D). We
also treated Col-0 and cop1-4 mutant seedlings with CHX,
or CHX together with MG132, an inhibitor of the 26S pro-
teasome. Notably, addition of MG132 efficiently blocked the
degradation of ABI5 in cop1-4 mutants (Figure 3, E and F),
indicating that COP1 stabilizes ABI5 by inhibiting its degra-
dation via the 26S proteasome pathway. Collectively, our
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Figure 3 COP1 stabilizes ABI5 protein by inhibiting 26S proteasome pathway-mediated ABI5 degradation. A, B, Inmunoblots showing the abun-
dance of ABI5-GFP and endogenous ABI5 in ABIS-GFP and cop1-4 ABIS-GFP seedlings in darkness. Four-day-old Super:ABI5-GFP and cop1-4
Super:ABI5-GFP seedlings grown in darkness were first treated with 100-uM CHX for the indicated times, and then harvested and subjected to im-
munoblotting using antibodies against ABI5. Anti-RPN6 was used as a sample loading control. Representative pictures are shown in (A) and the
relative levels of ABI5-GFP are shown in (B). Numbers in the immunoblots in (A) indicate the relative band intensities of ABI5-GFP and endoge-
nous ABI5 normalized to the loading control. The ratio was set to 100 for the 0 h samples. Error bars in (B) represent so from three independent
assays. *P < 0.05 (Student’s t test; Supplemental Data Set S1) for the indicated pair of samples. C, D, COP1 is essential for ABA-induced stabiliza-
tion of ABI5 proteins. Four-day-old Col-0 and cop1-4 mutant seedlings grown in darkness were first treated with mock (ethanol), 100-pM CHX,
50-uM ABA, or 100-uM CHX together with 50-uM ABA for 3 h, and then harvested and subjected to immunoblotting using antibodies against
ABI5. Anti-HSP was used as a sample loading control. Representative pictures are shown in (C) and the relative ABI5 levels are shown in (D).
Numbers below the immunoblots in (C) indicate the relative band intensities of ABI5 normalized to the loading control. The ratio of the first
band was set to 100. Error bars in (D) represent the standard error (se) from three independent assays. Different letters represent significant
differences by one-way ANOVA with Duncan’s post hoc test (P < 0.05; Supplemental Data Set S1). E, F, COP1 inhibits 26S proteasome pathway-
mediated ABI5 degradation. Four-day-old Col-0 and cop1-4 mutant seedlings grown in darkness were first treated with 100-pM CHX, or 100-uM
CHX together with 50-uM MG132 for 3 h, and then harvested and subjected to immunoblotting using antibodies against ABI5. Anti-HSP was
used as a sample loading control. Representative pictures are shown in (E) and the relative ABI5 levels are shown in (F). Numbers below the
immunoblots in (E) indicate the relative band intensities of ABI5 normalized to the loading control. The ratio of the first band was set to 100.
Error bars in (F) represent st from three independent assays. Different letters represent significant differences by one-way ANOVA with Duncan’s
post hoc test (P < 0.05; Supplemental Data Set S1).

data demonstrate that COP1 mediates ABA induction of ~ COP1 physically interacts with ABD1

ABI5 protein accumulation by upregulating ABI5 transcrip-  As a well-known E3 ubiquitin ligase, COP1 has been shown
tion, and by inhibiting ABI5 degradation through the 26S  to ubiquitinate and target a wide range of substrates for
proteasome pathway. degradation (Yi and Deng 2005 Marine, 2012; Han et al,
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2020). We therefore explored how COP1 promotes the sta-
bility of ABI5. We first performed yeast two-hybrid assays to
investigate whether COP1 directly interacts with ABI5. Our
results showed that there is no obvious interaction between
ABI5 and COP1 in yeast cells, although we did detect an in-
teraction between COP1 and HY5 as positive control
(Supplemental Figure S9, A and B). We also performed co-
immunoprecipitation  (co-IP) assays using 4-day-old
35S:ABI5-GFP and 35S:HY5-GFP seedlings grown in the dark,
which revealed that HY5-GFP, but not ABI5-GFP, coimmu-
noprecipitates COP1 (Supplemental Figure S9C). Collectively,
our data suggest that ABI5 may not physically interact with
COP1 in yeast cells or in vivo.

We then hypothesized that COP1 may target certain E3
ubiquitin ligase(s) normally acting on ABI5 for their 26S
proteasome-mediated degradation, thus leading to enhanced
stability of ABI5. ABI5 was previously shown to be targeted
by several types of E3 ubiquitin ligases, including KEG, a
RING-type E3 ligase, as well as DWA1, DWA2, and ABD],
three substrate receptors for CUL4-based E3 ligases (Stone
et al, 2006; Lee et al, 2010; Seo et al, 2014). To test our hy-
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investigate whether COP1 physically interacts with any of
these ABI5 E3 ligases. Bait vectors encoding the full-length
KEG, DWAT1, DWA2, or ABD1, and prey vectors encoding
various fragments of COP1 (Figure 4A), were used in the
assays. Notably, we observed that of these four ABI5 E3
ligases, only ABD1 directly associated with COP1 in yeast
cells (Figure 4B). Pull-down assays showed that, indeed, re-
combinant glutathione S-transferase (GST)-tagged ABD1,
but not GST alone, was able to pull down His-tagged COP1
in vitro (Figure 4C). Specifically, the RING-finger domain
alone, or the N-terminal 282-aa region of COP1 that con-
tains the RING-finger domain, physically interacted with
ABD1, whereas deletion of the RING-finger domain abol-
ished COP1 interaction with ABD1, demonstrating that the
RING-finger domain of COP1 is responsible for interacting
with ABD1 (Figure 4B).

To substantiate the physical interaction between
COP1 and ABD1 in vivo, we conducted co-IP assays us-
ing 4-day-old Col-0 and 35S:ABD1-MYC seedlings grown
in darkness or continuous white light. Our data showed
that COP1 was coimmunoprecipitated by anti-MYC anti-
bodies from 35S:ABD1-MYC protein extracts, but not
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Figure 4 COP1 physically interacts with ABD1. A, Schematic diagram of prey proteins (COP1-N282, COP1-RING, COP1-Coil, COP1-WD40, and
COP1-ARING fused with AD domains). B, Yeast two-hybrid assays showing that the RING-finger domain of COP1 is responsible for the interaction
of COP1 with ABD1. Empty vectors were used as negative controls. C, Pull-down assays showing that GST-tagged ABD1, but not GST alone, can
pull down His-tagged COP1 in vitro. His-tagged COP1 was incubated with immobilized GST or GST-tagged ABD1, and then the precipitated pro-
teins were analyzed with anti-GST and anti-His antibodies, respectively. D, Co-IP assays showing that COP1 associates with ABD1 in vivo in the
dark. Col-0 and 35S:ABD1-MYC seedlings were first grown in darkness or continuous white light for 4 days, and then the total proteins were
extracted and incubated with Myc-Trap beads (ChromoTek). The total and precipitated proteins were subjected to immunoblotting with anti-
bodies against MYC, COP1 and RPNG, respectively. The asterisks indicate nonspecific bands. E, BiFC assays in N. benthamiana leaves. The indicated
combinations of YFPS-ABD1, YFPN-COP1, YFPN-COP1-C, and YFPN constructs were co-infiltrated into N. benthamiana leaves. YFP signals were ob-
served 2 days after infiltration using confocal fluorescence microscopy. Bars = 20 um.
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from Col-0 (Figure 4D). Moreover, we observed that
COP1 associates with ABD1 in vivo in the dark, but not
in the light (Figure 4D). We also performed bimolecular
fluorescence complementation (BiFC) assays (Waadt
et al,, 2008) by transiently infiltrating constructs encod-
ing YFPN-COP1 (the N-terminal fragment of yellow fluo-
rescent protein [YFP] fused with COP1) and YFP<-ABD1
(the C-terminal fragment of YFP fused with ABD1)
fusions in Nicotiana benthamiana leaf cells. We deter-
mined that co-infiltration of YFPN-COP1 and YFPS-ABD1
constructs leads to strong YFP fluorescence, whereas
YFPS-ABD1 co-infiltrated with YFPN-COP1-C (aa 283-675
of COP1 fused to the N-terminal fragment of YFP) or
the empty vector showed no detectable YFP fluores-
cence (Figure 4E). Importantly, COP1 interacted with
ABD1 in the nucleus, clearly forming nuclear bodies
(Figure 4E). Collectively, our data demonstrate that
COP1 physically interacts with ABD1.

COP1 mediates the degradation of ABD1 via
the 26S proteasome pathway
Next, we investigated whether COP1 regulates the degrada-
tion of ABD1. Accordingly, we conducted cell-free degrada-
tion assays using recombinant His-ABD1 proteins and total
protein extracts from 4-day-old Col-0 and cop7-4 mutant
seedlings grown in darkness. We added ATP to enhance the
protein degradation rate in cell-free degradation assays, as
previously described (Kong et al, 2015). Immunoblot analysis
showed that His-ABD1 is degraded when incubated with total
protein extracts from both Col-0 and cop71-4 mutant seed-
lings; however, the degradation rate of His-ABD1 was much
slower in samples from the cop1-4 mutant than from Col-0
(Figure 5, A and B). Notably, addition of MG132 efficiently
blocked the degradation of His-ABD1 incubated with total
protein extracts from Col-0 seedlings (Figure 5A). We also
transiently co-transfected Arabidopsis protoplasts with the
same amount of SuperABD1-GFP plasmid DNA and various
amounts of 355:HF-COP1 plasmid. We observed that the levels
of ABD1-GFP proteins decreased substantially with increasing
levels of HF-COP1; however, COP1-mediated degradation of
ABD1-GFP was fully inhibited by the addition of MG132
(Figure 5, C and D). These data indicate that COP1 mediates
the degradation of ABD1 via the 26S proteasome pathway.
To investigate whether COP1 regulates ABD1 protein ac-
cumulation in vivo, we generated monoclonal anti-ABD1
antibodies that specifically recognize endogenous ABD1 pro-
tein (Supplemental Figure S10). We then grew Col-0 and
cop1 mutant seedlings in darkness or continuous white light
for 4 days before determining ABD1 protein abundance by
immunoblotting. Indeed, ABD1 accumulated to higher levels
in the copT mutants in the dark compared to the wild-type
(Figure 5, E and F). Notably, larger amounts of ABD1 pro-
teins accumulated in cop1-4 than in cop1-6 in the dark
(Figure 5, E and F), consistent with the observations that
copT1-4 mutant seedlings accumulate less ABI5 and display
enhanced ABA insensitivity compared to cop1-6 seedlings in

Peng et al.

darkness (Figures 1 and 2, A). ABD1 accumulated to higher
levels in the light than in darkness in Col-0 seedlings, with
COP1 not obviously regulating ABD1 protein abundance in
the light, as evidenced by the comparable ABD1 levels in
Col-0 and the cop1 mutants (Figure 5, E and F). These
results indicate that COP1 specifically regulates ABD1 pro-
tein accumulation in darkness.

To further verify the role of COP1 in mediating ABA regu-
lation of ABD1 protein stability in vivo, we treated 4-day-old
etiolated Col-0 and cop1-4 mutant seedlings with CHX for
various times. Our immunoblot data showed that the al-
ready translated ABD1 becomes steadily degraded in the
Col-0 background after CHX treatment; in contrast, this deg-
radation was abolished in the absence of COP1 or upon the
addition of MG132 (Figure 5, G-)). We also treated 4-day-
old etiolated Col-0 and cop71-4 mutant seedlings with CHX
either alone or together with ABA. We observed that ABA
treatment markedly induces the degradation of translated
ABD1 protein in Col-0 seedlings; however, ABA-induced
ABD1 degradation was abolished in cop1-4 mutant seedlings
or by the addition of MG132 (Figure 5, K and L). Taking
these data together, we conclude that COP1 mediates ABA-
induced ABD1 turnover in vivo by targeting ABD1 for degra-
dation via the 26S proteasome pathway.

COP1 mediates the ubiquitination of ABD1

Next, we asked whether ABD1 is a substrate of the COP1 E3
ligase. To this end, we conducted in vitro ubiquitination
assays using recombinant GST-tagged ABD1 and maltose-
binding protein (MBP)-tagged COP1 produced in and puri-
fied from Escherichia coli. We established that in the pres-
ence of recombinant E1, E2, and FLAG-tagged ubiquitin
(FLAG-UBQ), GST-ABD1 was polyubiquitinated by MBP-
COP1, but not by boiled MBP-COP1, as detected by anti-
GST and anti-FLAG antibodies (Figure 6A). Thus, these data
indicate that COP1 can ubiquitinate ABD1 in vitro.

To investigate whether COP1 mediates the ubiquitination
of ABD1 in vivo, we transiently transfected Arabidopsis proto-
plasts with constructs encoding HA- and FLAG-tagged COP1
(HF-COP1) and HA-tagged ubiquitin (HA-UBQ) with or with-
out ABD1-GFP in the presence of 5-uM MG132. We
extracted total proteins and incubated these extracts with
anti-GFP beads, followed by detection of the precipitated pro-
teins using anti-UBQ antibodies. Our data showed that IP-
enriched ABD1-GFP is clearly polyubiquitinated; moreover,
ABA treatment drastically induced the polyubiquitination lev-
els of ABD1-GFP (Figure 6B). Together, our data demonstrate
that COP1 mediates ABD1 ubiquitination in vitro and in vivo.

Then, we sought to identify the possible ubiquitination
sites on ABD1. We employed a recently described cell-free
assay system (Yu and Xie, 2019) using recombinant GST-
ABD1 proteins and total proteins extracted from 4-day-old
Col-0 seedlings grown in darkness. After incubation at 4°C
for 4 h in the presence of 50-uM MG132, we separated the
samples on a sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE) gel, excised the gel sample con-
taining the ubiquitinated target proteins, in-gel digested the
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Figure 5 COP1 mediates ABD1 degradation via the 26S proteasome pathway. A, B, COP1 promotes the degradation of ABD1 in cell-free degrada-
tion assays. Recombinant purified His-ABD1 was incubated with equal amounts of total protein extracts from 4-day-old dark-grown Col-0 or
cop1-4 seedlings in the presence of ATP, and then His-ABD1 was detected by immunoblotting using anti-His antibodies. Anti-RPN6 was used as a
sample loading control. Representative pictures are shown in (A) and the relative levels of His-ABD1 are shown in (B). In (A), numbers below the
immunoblots indicate the relative band intensities of His-ABD1 normalized to those of loading control. The ratio was set to 100 for the 0 h sam-
ples for each genotype. In (B), error bars represent so from three independent assays. *P < 0.05 and **P < 0.01 (Student’s t test; Supplemental
Data Set S1) for the indicated pairs of samples. C, D, ABD1 is destabilized by COP1 in Arabidopsis protoplasts. Super:ABD1-GFP and different
amounts of 355:HF-COP1 plasmids were cotransfected into Arabidopsis (Col-0) protoplasts. After incubation for 18 h in darkness, ABD1-GFP and
HF-COP1 proteins were detected with anti-GFP and anti-COP1 antibodies, respectively. Anti-RPN6 was used as a sample loading control.
Representative pictures are shown in (C) and the relative levels of ABD1-GFP are shown in (D). Numbers below the immunoblots in (C) indicate
the relative band intensities of ABD1-GFP normalized to the loading control. The ratio of the first ABD1-GFP band was set to 100. Error bars in
(D) represent st from three independent assays. Different letters represent significant differences by one-way ANOVA with Duncan’s post hoc test
(P < 0.05; Supplemental Data Set S1). E, F, Immunoblots showing the levels of ABD1 proteins in Col-0 and two cop1 mutants. Four-day-old seed-
lings grown in darkness (D) or continuous white (W) light were subjected to immunoblotting. Anti-HSP was used as a sample loading control.
Representative pictures are shown in (E) and the relative levels of ABD1 are shown in (F). Numbers below the immunoblots in (E) indicate the rel-
ative band intensities of ABD1 normalized to the loading control. The ratio of the first ABD1 band was set to 100. Error bars in (F) represent so
from three independent assays. Different letters represent significant differences by one-way ANOVA with Duncan’s post hoc test (P < 0.05;
Supplemental Data Set S1). G, H, COP1 regulates the stability of ABD1 proteins in vivo. Four-day-old Col-0 and cop1-4 mutant seedlings grown in
darkness were treated with 300-uM CHX for the indicated times, and then the total proteins were extracted and subjected to immunoblotting
with anti-ABD1 antibodies. Anti-HSP was used as a sample loading control. Representative pictures are shown in (G) and the relative levels of
ABD1 are shown in (H). Numbers below the immunoblots in (G) indicate the relative band intensities of ABD1 normalized to the loading control.
The ratio was set to 100 for the first ABD1 band of each genotype before CHX treatment. Error bars in (H) represent s from three independent
assays. *P < 0.05 (Student’s t test; Supplemental Data Set S1) for the indicated pairs of samples. |, J, ABD1 is degraded via the 26S proteasome
pathway. Four-day-old Col-0 seedlings grown in darkness were treated with 300-uM CHX or 300-pM CHX together with 50-uM MG132 for the
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slice, and subjected the digests to liquid chromatography-
tandem mass spectrometry (LC—-MS/MS) analysis. These
efforts led to the identification of a modified peptide (114-
TIVTSAADKQVR-125) ubiquitinated at the Lys122 residue
(Figure 6C), suggesting that the K122 residue of ABD1 is a
ubiquitination site.

To investigate whether this K122 residue plays an essential
role in modulating ABD1 stability, we performed cell-free
degradation assays using recombinant GST-tagged wild-type
ABD1 protein and a K122R ABD1 variant, and total proteins
extracted from 4-day-old etiolated Col-0 seedlings. The
K122R variant of ABD1 exhibited a much lower degradation
when incubated with total protein extracts from Col-0 seed-
lings (Figure 6, D and E). In addition, when we transiently
transfected Arabidopsis protoplasts with equal amounts of
Super:ABD1-GFP or Super:ABD1K722R-GFP alone, or together
with 35S:HF-COP1 plasmid, we observed that the presence
of HF-COP1 substantially decreased the abundance of
ABD1-GFP, but not the abundance of ABD1*"*-GFP
(Figure 6, F and G). Together, our data demonstrate that
the K122R mutation improved the stability of ABD1, sug-
gesting that the K122 residue of ABD1 is an active ubiquiti-
nation site in vivo.

COP1 partially promotes ABI5 protein stability in
darkness by degrading ABD1

To investigate whether COP1 modulates ABA signaling in
darkness through ABD1, we introduced the abd1-1 mutation
into the cop1-4 background by genetic crossing and identi-
fied homozygous cop1-4 abdi-1  double mutant
(Supplemental Figure S11). We observed that the delayed
germination phenotype of the cop1-4 mutant in the dark is
not rescued by the loss of ABD1 function (Figure 7A).
However, the abd1-1 mutation largely suppressed the ABA-
hyposensitive growth of cop1-4 seedlings (Figure 7B), and
partially counteracted the higher seedling establishment rates
of cop1-4 mutants when grown on MS medium containing
ABA (Figure 7, C and D). These observations suggest that
COP1 positively regulates ABA signaling, at least in part, by
degrading ABD1 during the seedling stage in darkness.

We further compared ABI5 protein abundance in copl-4
abd1-1 double mutant seedlings with that of the respective
single mutants by immunoblot analysis. While ABI5 accumu-
lated to lower levels in cop1-4 mutant seedlings than in Col-0
seedlings when grown in the dark for 4 days, loss of ABD1
function led to an increase in ABI5 protein abundance in the

Figure 5 (Continued)
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cop1-4 abd1-1 double mutant, although not to the same level
as in Col-0 seedlings (Figure 7, E and F). However, after 3 h of
ABA treatment, the level of ABI5 in the cop1-4 abd1-1 double
mutant was close to that in Col-0 seedlings (Figure 7, E and
F). Collectively, these data demonstrate that COP1 partially
promotes ABIS protein accumulation during the seedling
stage in darkness by degrading ABD1 in response to ABA.

ABA signaling induces the nuclear enrichment of
COP1 in darkness

Finally, we asked how COP1 might be regulated by ABA. To
this end, we treated 4-day-old etiolated Col-0 seedlings with
50-uM ABA or mock (equal volume of ethanol) for various
times. Our RT-gqPCR assays indicated that COP1 transcript
levels are not significantly affected by ABA treatment
(Supplemental Figure S12A). In addition, our immunoblot
data showed that the abundance of COP1 protein remains
largely unchanged in etiolated Col-0 seedlings treated with
ABA (Supplemental Figure S12, B and C). Together, these
data indicate that COP1 transcript and COP1 protein levels
are not significantly regulated by ABA.

Light tightly controls the nucleo-cytoplasmic partitioning of
COP1 by inducing its rapid translocation from the nucleus to
the cytosol (von Arnim and Deng, 1994; Pacin et al, 2014).
To investigate whether the nucleo-cytoplasmic distribution of
COP1 is regulated by ABA, we grew cop1-5 35S:YFP-COP1
seedlings in darkness or continuous white light for 4 days,
and then treated them with mock (ethanol only) or ABA for
1 h. Confocal microscopy analyses showed that compared to
mock-treated seedlings, ABA treatment induced the nuclear
enrichment of YFP-COP1 in the dark (Figure 8, A and B). In
contrast, ABA treatment did not obviously affect the nuclear
accumulation of YFP-COP1 in the light (Figure 8 A and B).
To further verify the ABA regulation of COP1 nuclear accu-
mulation in the dark, we treated 4-day-old etiolated Col-0
and pyr1 pyl1458 seedlings with mock (ethanol only) or ABA
for 1 h, and then subjected their protein extracts to nuclear-
cytoplasmic fractionation assays. We determined that ABA
treatment indeed induces a drastic increase in the abundance
of nuclear COP1 protein in dark-grown Col-0 seedlings
(Figure 8C). However, this induction was abolished in pyr1
pyl1458 mutant seedlings grown in the dark (Figure 8C), indi-
cating that ABA induces the nuclear enrichment of COP1
through the ABA signaling pathway. Taken together, our data
demonstrate that ABA signaling induces the nuclear enrich-
ment of COP1 in darkness.

indicated times, then the total proteins were extracted and subjected to immunoblotting with anti-ABD1 antibodies. Anti-HSP was used as a sam-
ple loading control. Representative pictures are shown in (1) and the relative levels of ABD1 are shown in (J). Numbers below the immunoblots in
(1) indicate the relative band intensities of ABD1 proteins normalized to the loading control. The ratio was set to 100 for the first ABD1 band be-
fore each treatment. Error bars in (J) represent so from three independent assays. **P < 0.01 and **P < 0.001 (Student’s t test; Supplemental
Data Set S1) for the indicated pairs of samples. K, L, COP1 mediates ABA-induced ABD1 turnover via the 26S proteasome pathway. Four-day-old
Col-0 and cop1-4 mutant seedlings grown in darkness were treated for 3 h with 300-M CHX or 300-uM CHX together with 50-pM MG132 in the
presence or absence of 50-iUM ABA. The total proteins were subjected to immunoblotting with antibodies against ABD1. Anti-HSP was used as a
sample loading control. Representative pictures are shown in (K) and the relative levels of ABD1 are shown in (L). Numbers below the immuno-
blots in (K) indicate the relative band intensities of ABD1 normalized to the loading control. The ratio of the first ABD1 band was set to 100. Error
bars in (L) represent st from three independent assays. Different letters represent significant differences by one-way ANOVA with Duncan’s post

hoc test (P < 0.05; Supplemental Data Set S1).
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Figure 6 COP1 directly ubiquitinates ABD1 in vitro and in vivo. A, COP1 ubiquitinates ABD1 in vitro. Recombinant purified MBP, MBP-COP1,
GST-ABD1, and denatured COP1 (bMBP-COP1) were used in the assays. The ubiquitinated ABD1 was analyzed by immunoblots using anti-GST
and anti-FLAG antibodies. B, COP1 ubiquitinates ABD1 in vivo. Arabidopsis protoplasts expressing different combinations of HA-UBQ, HF-COP1
and ABD1-GFP were incubated in darkness for 18 h in the presence of 5-uM MG132 with or without 5-uM ABA. Total proteins were then
extracted and incubated with GFP-Trap beads. The total and precipitated proteins were subjected to immunoblotting with antibodies against
GFP, COP1, and ubiquitin, respectively. C, Peptides produced by trypsin proteolysis of ABD1 in the LC—-MS/MS showed the fragment ion mass
with intact diglycine modification at K122. D, E, Cell-free degradation assays showing that the K122R mutation decreases the degradation of ABD1
in total protein extracts from Col-0 seedlings. Recombinant purified GST-ABD1 or GST-ABD1%"??® proteins were incubated with equal amounts
of total proteins extracted from 4-day-old dark-grown Col-0 seedlings in the presence of ATP, and then detected by immunoblotting using anti-
GST antibodies. Anti-RPN6 was used as a sample loading control. Representative pictures are shown in (D) and the relative levels of GST-ABD1
from three independent assays are shown in (E). In (D), numbers below the immunoblots indicate the relative band intensities normalized to the
loading control. The ratio was set to 100 for the first band before ATP treatment. In (E), error bars represent sp from three independent assays. *P
< 0.05 and **P < 0.01 (Student’s t test; Supplemental Data Set S1) for the indicated pairs of samples. F, G, The K122R mutation improves the sta-
bility of ABD1 in vivo. The same amounts of Super:ABD1-GFP and Super:ABD1<"**®-GFP were transfected with or without 355:HF-COP1 plasmids
into Arabidopsis (Col-0) protoplasts. After incubation for 18 h in darkness, ABD1-GFP and HF-COP1 were detected with anti-GFP and anti-COP1
antibodies, respectively. Anti-RPNG was used as a sample loading control. Representative pictures are shown in (F) and the relative levels of ABD1-
GFP proteins are shown in (G). Numbers below the immunoblots in (F) indicate the relative band intensities normalized to the loading control.
The ratio was set to 100 in the absence of HF-COP1. Error bars in (G) represent so from three independent assays. Different letters represent signif-
icant differences by one-way ANOVA with Duncan’s post hoc test (P < 0.05; Supplemental Data Set S1).

Discussion downstream of ABI5 in mediating ABA inhibition of seedling

establishment in long-day conditions (16-h light/8-h dark;
COP1 and ABI5 were shown to colocalize in nuclear bodies  Yadukrishnan et al., 2020). In addition, COP1 may not influ-
long ago (Lopez-Molina et al, 2003); however, the relation-  ence ABI5 transcript or ABI5 protein levels under long-day
ship between COP1 and ABI5 remains largely obscure.  conditions, but facilitates ABI5 binding to its target pro-
Recently, COP1 was suggested to act genetically  moters (Yadukrishnan et al, 2020). In this study, we
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Figure 7 COP1 partially promotes ABI5 protein stability in darkness by degrading ABD1. A, Germination rate measurements. Hydrated seeds for
Col-0, cop1-4, abd1-1, and cop1-4 abd1-1 mutants were sown on MS medium or MS medium containing 0.5-itM ABA, and then grown in darkness.
Error bars represent so of three independent sets of seeds, each set containing 50 seeds. *P < 0.05, and **P < 0.01 (Student’s t test; Supplemental
Data Set S1) for the indicated pairs of seeds. B, Phenotypic analyses of 5-day-old dark-grown Col-0, cop1-4, abd1-1, and cop1-4 abd1-1 seedlings.
The seedlings were grown vertically on MS medium with the indicated concentrations of ABA in darkness for 5 days. Bar = 1 cm. C, Phenotypes
of Col-0, cop1-4, abd1-1, and cop1-4 abd1-1 mutants grown on MS medium or MS medium containing 0.5-itM ABA in darkness for 5 days. Bar = 1
cm. D, Seedling establishment rates for Col-0, cop1-4, abd1-1, and cop1-4 abd1-1 mutants. The seedlings were grown horizontally on MS medium
or MS medium containing 0.5-uM ABA. Error bars represent sp of three independent pools of seedlings, each pool containing 50 seedlings. *P <
0.05, **P < 0.01, and **P < 0.001 (Student’s t test; Supplemental Data Set S1) for the indicated pairs of seedlings. E, F, Immunoblots showing the
levels of ABI5 protein in Col-0, cop1-4, abd1-1, and cop1-4 abd1-1 mutant seedlings. Four-day-old seedlings grown in darkness were treated with
50-uM ABA for 3 h, and then subjected to immunoblotting with anti-ABI5 antibodies. Anti-HSP was used as a sample loading control.
Representative pictures are shown in (E) and the relative levels of ABI5 are shown in (F). Numbers below the immunoblots in (E) indicate the rela-
tive band intensities of ABI5 normalized to the loading control. The ratio of the first ABI5 band was set to 100 for each blot. Error bars in (F) repre-
sent sp from three independent assays. *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t test; Supplemental Data Set S1) for the indicated
pairs of samples.
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Figure 8 ABA induces the nuclear accumulation of COP1 in darkness. A, ABA treatment induces the nuclear accumulation of YFP-COP1 in dark-
ness. cop1-5 35S:YFP-COP1 seedlings were first grown in darkness (D) or continuous white (W) light for 4 days, and were treated with mock (etha-
nol) or 60-uM ABA for 1 h. YFP signals were observed under a confocal laser scanning microscope. Bar = 50 pm. 4’,6-Diamidino-2-phenylindole
staining shows the nuclei of the cells. Red boxed regions are enlarged and shown as insets. The regions indicated by white brackets were used for
the quantification of YFP fluorescence signals using Image ) shown in (B). B, Relative intensities of YFP fluorescence signals of cop1-5 35S:YFP-COP1
seedlings after 1 h of mock or ABA treatment. For each treatment, at least 10 seedlings were observed, each seedling being taken three confocal
images at different imaging depths, and error bars represent se from at least 30 confocal images. ***P < 0.001 (Student’s t test; Supplemental Data
Set S1) for the indicated pairs of seedlings. n.s., not significant. C, Nuclear/cytoplasmic fractionation assays showing that ABA signaling induces the
nuclear enrichment of COP1 in darkness. Four-day-old Col-0 and pyr1 pyl1458 mutant seedlings grown in darkness were treated with mock (etha-
nol) or 60-pM ABA for 1 h, and then the cytoplasmic and nuclear fractions were separated and subjected to immunoblotting. PEPC was used as a
cytosolic marker, and histone H3 served as a nuclear marker. RPN6 was used as a total protein loading control. Numbers below the immunoblots
indicate the relative band intensities of COP1 normalized to RPNG6 for total, PEPC for cytosolic, and H3 for nuclear fractions, respectively. The ratio

of the COP1 band treated with mock was set to 100 for each fraction. The asterisk indicates a nonspecific band.

demonstrated that COP1 positively regulates the ABA sig-
naling pathway during seedling growth in darkness by medi-
ating ABA-induced accumulation of ABI5. Notably,
overexpression of ABI5 was unable to rescue the ABA-
hypersensitive seed germination of the copl-4 mutant
(Figure 2B), indicating that COP1 mediates ABA regulation
of seed germination through different mechanisms, which
should be investigated in future studies.

Our RT-gPCR analyses showed that COP1 mediates ABA-
induced ABI5 expression in dark-grown seedlings
(Supplemental Figure S7). This result may be explained in
part by the fact that COP1 is required for the accumulation
of PIF proteins in darkness (Bauer et al, 2004 Ling et al,
2017; Pham et al., 2018), while our recent study showed that
PIFs mediate ABA-induced ABI5 expression in darkness by
directly binding to the ABI5 promoter (Qi et al, 2020). In
addition, as ABI5 was shown to directly activate its own

transcription (Xu et al, 2014), a lower stability of ABI5 may
also contribute to the decreased expression levels of ABI5.
Indeed, our data demonstrated that COP1 directly ubiquiti-
nates ABD1 and negatively regulates ABD1 protein stability
in response to ABA (Figures 5 and 6), thus playing an essen-
tial role in mediating ABA-enhanced ABI5 stability in dark-
grown seedlings (Figure 3). Collectively, our data established
that COP1 positively regulates ABA signaling during seedling
growth in darkness by mediating ABA-induced ABI5 accu-
mulation through transcriptional and post-translational reg-
ulatory mechanisms (Figure 9).

Our data indicated that COP1 promotes ABI1/ABI2 pro-
tein accumulation in the dark before and after ABA treat-
ment (Figure 2A). We reasoned that this was due, at least in
part, to COP1-mediated upregulation of ABI7 and ABI2 tran-
scription, as COP1 promotes the accumulation of ABI5 in
the dark before and after ABA treatment (Figure 2A), while
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Figure 9 A working model depicting the role of COP1 in mediating
ABA signaling during Arabidopsis seedling growth in darkness. During
Arabidopsis seedling growth in darkness, COP1 promotes ABI5 stabil-
ity by targeting ABD1 for 26S proteasome pathway-mediated degrada-
tion. In addition, COP1 also promotes the stability of PIF proteins in
the dark. As PIFs and ABI5 itself can activate ABIS transcription by di-
rectly binding to the G-box motifs in the ABI5 promoter (Xu et al,
2014; Qi et al, 2020), COP1 also mediates ABA-induced ABI5 tran-
scription in the dark. Thus, COP1 mediates ABA-induced ABI5 accu-
mulation through transcriptional and post-translational regulatory
mechanisms, thereby playing a positive role in mediating ABA signal-
ing during Arabidopsis seedling growth in darkness. ABA signaling
induces the nuclear accumulation of COP1 in darkness, thus enhanc-
ing its activity in propagating the ABA signal.

ABI5 mediates ABA-induced ABI1/ABI2 expression by di-
rectly binding to their promoters (Supplemental Figure S3;
Wang et al, 2019b). Therefore, ABA rapidly induces ABI1
and ABI2 transcription and thus the accumulation of ABI1
and ABI2 both in the dark (this study) and in the light
(Wang et al, 2019b), which likely serves as a feedback mech-
anism to desensitize ABA signaling when dramatically in-
creased levels of ABA are synthesized under abiotic stress
(Raghavendra et al, 2010; Wang et al,, 2019b). Notably, a re-
cent study reported that COP1 physically interacts with sev-
eral group A PP2Cs (including ABI1 and ABI2) and degrades
them through the 26S proteasome pathway under diurnal
(12-h light/12-h dark) conditions to promote ABA-induced
stomatal closure (Chen et al, 2021). Together with the find-
ings that COP1 differentially regulates ABI5 accumulation in
darkness (this study) and long-day conditions (Yadukrishnan
et al, 2020), COP1 may thus act in ABA signaling via dis-
tinct mechanisms in different developmental processes and
in response to various environmental cues.

Notably, our data showed that COP1 does not contribute
to the regulation of ABD1 protein abundance in the light
(Figure 5, E and F), suggesting that COP1-mediated ABI5
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stabilization by degrading ABD1 only occurs in the dark.
Consistent with this conclusion, our co-IP data showed that
COP1 associates with ABD1 in vivo in the dark but not in
the light (Figure 4D). A long-established mechanism for light
inactivation of COP1 activity is its rapid translocation from
the nucleus to the cytosol that is induced by photoactivated
photoreceptors (von Arnim and Deng, 1994; Osterlund and
Deng, 1998; Pacin et al, 2014). In addition, photoactivated
photoreceptors also disrupt the interactions between COP1
and SPA proteins, thus inactivating the COP1/SPA E3 ubig-
uitin ligase complexes (Lian et al, 2017; Liu et al, 2011; Zuo
et al, 2011; Lu et al, 2015; Sheerin et al,, 2015). Since ABD1
physically interacts with and negatively regulates the stability
of ABI5 in the nucleus (Seo et al, 2014), the inability of
COP1 to degrade ABD1 in the light may be explained by
the fact that photoactivated photoreceptors inactivate the
COP1/SPA complexes by inducing the nuclear export of
COP1 and by disrupting the COP1/SPA interactions.
Interestingly, our data showed that ABA treatment induces
the nuclear enrichment of COP1 in the dark but not in the
light (Figure 8, A and B). That this induction was abolished
in pyr1 pyl1458 mutant seedlings (Figure 8C) indicates that
ABA signaling induces the nuclear accumulation of COP1,
thus enhancing its activity in propagating the ABA signal in
the dark. The underlying molecular mechanisms remain to
be investigated in future studies.

Our genetic analyses indicated that the abd1-1 mutation
only partially rescues the ABA-hyposensitivity of cop1-4 mu-
tant seedlings (Figure 7, C and D) and the levels of ABI5
protein abundance (Figure 7, E and F). These observations
might be explained as follows. First, as discussed above, de-
creased accumulation of PIFs in the absence of COP1 leads
to reduced expression of ABI5, which may account for the
partial restoration of ABI5 protein abundance and the ABA-
hyposensitivity of cop7-4 mutant seedlings by the abd1-1
mutation. Second, although several types of E3 ubiquitin
ligases involved in ABI5 degradation have been identified,
there is still a strong possibility that some as-yet-
unidentified E3 ubiquitin ligase(s) may participate in ABI5
ubiquitination and degradation. COP1 may target some of
these unidentified E3 ubiquitin ligases for degradation as
well, whereas these COP1-targeted E3 ubiquitin ligases can
still degrade ABI5, thus leading to decreased ABI5 protein
stability in the cop1-4 abd1-1 double mutant.

We recently reported that pifg mutant seedlings are hypo-
sensitive to ABA in the dark (Qi et al, 2020). In this study,
we observed that dark-grown cop? mutant seedlings are
also less sensitive to ABA than the wild-type (Figure 1, B—
D). Interestingly, both cop1 and pifqg mutants exhibit a cop
phenotype, i.e. developing in darkness as wild-type seedlings
would in the light (Deng et al, 1991; Leivar et al, 2008; Shin
et al, 2009). These observations may suggest that light-
grown seedlings are more resistant to ABA than dark-grown
seedlings. Indeed, we did notice that wild-type (Col-0) seed-
lings exhibit a greater resistance to ABA treatment in con-
tinuous white light than in the dark (Supplemental Figure
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$13). In addition, a recent study showed that wild-type seed-
lings grown under long-day conditions are also more resis-
tant to ABA than those grown in the dark (Yadukrishnan
et al, 2020). This enhanced ABA resistance in the light is
likely mediated by photoactivated photoreceptors, since our
data in this study and earlier (Qi et al, 2020) demonstrated
that both COP1 and PIFs positively regulate ABA signaling
in dark-grown seedlings, whereas photoactivated phyto-
chromes and cryptochromes inhibit the functions of these
negative regulators of photomorphogenesis in the light (Li
et al, 2017; Lau and Deng, 2012; Wang and Lin, 2020; Cheng
et al, 2021). Photoactivated phytochromes (phys) and cryp-
tochromes (Crys) have recently been shown to directly in-
teract with the key components of several phytohormone
pathways, including auxin/indole-3-acetic acid proteins
(Aux/IAAs) and auxin response factors (ARFs) acting in
auxin signaling (Xu et al,, 2018; Yang et al, 2018; Mao et al,
2020), GIBBERELLIN-INSENSITIVE DWARF1 (GID1) and
DELLAs for gibberellins (Xu et al, 2021; Yan et al, 20271;
Zhong et al, 2021), and BRIT-EMS-SUPPRESSOR1 (BES1) for
brassinosteroids (Wang et al., 2018b; Wu et al,, 2019), to reg-
ulate their signaling. Thus, our data demonstrate that pho-
toactivated photoreceptors employ a similar mechanism to
modulate ABA signaling via the phy/Cry-COP1-ABD1-ABI5
pathway, since both phytochromes and cryptochromes di-
rectly interact with COP1 (Wang et al, 2001; Yang et al,
2007; Seo et al,, 2004; Jang et al, 2010).

To summarize, our study provides further evidence sup-
porting the notion that there are dark-specific ABA signaling
components and pathways in plants. Therefore, further elu-
cidation of ABA signaling mechanisms in darkness will shed
more light on how plants adjust their responses to abiotic
stresses under dynamic light environments.

Materials and methods

Plant materials and growth conditions

The Arabidopsis (A. thaliana) plants used in this study were
in the Columbia-0 (Col-0) accession. The abd1-1
(SALK_051074; Seo et al, 2014), cop1-4 (McNellis et al,
1994), cop1-6 (McNellis et al, 1994), abi5-1 (Zhao et al,
2019), abi5-8 (SALK_013163; Zheng et al, 2012; Guan et al,
2014), ost1-3 (SALK_008068; Ding et al, 2015), pyr1 pyl124
(Gonzalez-Guzman et al, 2012), pyr1 pyl1458 (Antoni et al,
2013), cop1-5 35S:YFP-COP1 (Huang et al, 2013), 355:ABD1-
MYC (Seo et al, 2014), 35S:HY5-GFP (Li et al, 2022), and
35S:ABI5-MYC (Chen et al, 2012) mutants and transgenic
lines have been described previously. The cop1-4 abdi-1,
cop1-4 abi5-8 double mutants and copi-4 35S:ABI5-MYC
plants were generated by genetic crossing. The growth con-
ditions were as described previously (Zhang et al, 2018).
Germination was induced by incubation at 22°C under
50 pmol m™2 s™" continuous white light (F17T8/TL841 bulb,
Philips) for 12 h, and then the seeds were incubated at 22°C
in complete darkness or in continuous white light for 4
days.
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Plasmid construction and generation of transgenic
Arabidopsis plants

To generate the LexA-ABD1, LexA-KEG, LexA-DWAT and
LexA-DWA2 constructs, the coding sequences of ABD1, KEG,
DWAT and DWA2 were individually amplified by polymerase
chain reaction (PCR) with the primer pairs listed in
Supplemental Table S1, and then cloned into the EcoRI-
Xhol (for LexA-ABD1 and LexA-DWAT), Xhol (for LexA-
DWA?2), or Mfel-Sall (for LexA-KEG) sites of the pLexA vector
(Clontech). The AD-COP1, AD-COP1-RING, AD-COP1-N282,
AD-COP1-Coil, AD-COP1-ARING, AD-COP1-WD40, AD-COP1-
ACoil constructs were described previously (Ang et al, 1998;
Saijo et al, 2003). To generate the LexA-COP1, LexA-COP1-
WD40 and LexA-COP1-Coil constructs, the corresponding
PCR fragments of COP1 were amplified by PCR with the
primer pairs listed in Supplemental Table S1, and then
cloned into the EcoRI-Xhol sites of the plLexA vector
(Clontech).

To generate the YFP“-ABDT construct, the coding se-
quence of ABD1 was amplified by PCR with the primer pairs
shown in Supplemental Table S1, and then cloned into the
BamHI-Xhol sites of the pSPYCE (MR) vector (Waadt et al,
2008). To generate the YFPN-COP1 and YFP"-COP1-C con-
structs, the corresponding fragments of the COP1 coding se-
quence were individually cloned into the Spel-Sall sites of
the pSPYNE (R) 173 vector (Waadt et al, 2008).

The MBP-COP1 construct was described previously (Lian
et al, 2017). To generate the His-ABD1 and His-COP1 con-
structs, the full-length coding sequences of ABD1 and COP1
were individually cloned into the EcoRI-Xhol sites of the
pET-28a vector (Novagen). To generate the GST-ABD1 con-
struct, the full-length coding sequence of ABD1 was cloned
into the EcoRI-Xhol sites of the pGEX-4T-1 vector
(Amersham Biosciences). To generate the GST-ABD1<"?®
construct, the fast mutagenesis kit (Vazyme) was employed
using the GST-ABD1 construct as template and the primer
pairs shown in Supplemental Table S1. To generate the His-
PYR1 construct, the full-length coding sequence of PYR1
was cloned into the BamHI-EcoRI sites of the pET-28a vec-
tor. To generate the His-OST1 construct, the full-length cod-
ing sequence of OSTT was cloned into the EcoRI-Xhol sites
of the pET-28a vector.

The pSuper1300 vector (the pCAMBIA1300 vector con-
taining a Super promoter) was described previously (Liu
et al, 2017). To generate the Super:ABD1-GFP construct, the
coding sequence of ABD1 was amplified by PCR, and then
cloned into the corresponding sites of the pSuper1300-GFP
vector (Wang et al, 2019a). To generate the Super:ABD1-
GFPX1?2R construct, the fast mutagenesis kit (Vazyme) was
employed using the Super:ABD1-GFP construct as template
and the primer pairs shown in Supplemental Table S1. To
generate the 355:HF-COP1 construct, the coding sequence of
COP1 was cloned into the Sall-Spell sites of the pCAM1307-
HF vector (Wang et al, 2019a).

The Super:ABI5-GFP construct was described previously
(Qi et al., 2020). To generate Super:ABI5-GFP and cop1-4
Super:ABI5-GFP transgenic plants, the Super:ABI5-GFP
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construct was transformed into  Agrobacterium
(Agrobacterium tumefaciens) strain GV3101, and then
into Col-0 and cop1-4 by the floral dip method (Clough
and Bent, 1998).

All primers used to generate the above-mentioned con-
structs are listed in Supplemental Table S1, and all con-
structs were confirmed by sequencing prior to usage in
various assays. Transgenic plants were selected on MS plates
with the appropriate antibiotics, and homozygous transgenic
plants were used in various assays.

ABA treatments and analyses of ABA responses
For gene expression and immunoblotting assays, 4-day-old
Arabidopsis seedlings grown in darkness were first soaked in
half-strength liquid MS medium containing 50-uM ABA
(ABA treatment) or an equal volume of ethanol (mock) for
the indicated times, and then harvested for various assays.
To examine the ABA phenotypes of various materials, all
seedlings were grown vertically on MS medium alone or
containing various concentrations of ABA for 5 days in dark-
ness. For the germination assays, seeds (at least 50 seeds for
each genotype at each time point) harvested at approxi-
mately the same time were surface sterilized and sown on
MS medium or MS medium containing various concentra-
tions of ABA in darkness. Germination was defined as the
first sign of radicle tip emergence and scored daily under a
green safety light until the sixth day in darkness, and the
germination results of three independent experiments were
calculated. The rates of seedling establishment were based
on the criteria defined by Yadukrishnan et al. (2020) that
hypocotyls and cotyledons should emerge completely in
established seedlings; the results of three independent
experiments were calculated.

RNA extraction and RT-qPCR analyses

Four-day-old seedlings grown in darkness were first treated
with 50-uM ABA (ABA treatment) or an equal volume of
ethanol (mock) for the indicated times and then harvested.
Total RNA was extracted using the RNAprep Pure Plant Kit
(TIANGEN), and the first-strand cDNAs were synthesized
from 1 pg total RNA using ReverAid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific). qPCR assays were
performed using gene-specific  primers (listed in
Supplemental Table S1) and PowerUp SYBR Green Master
Mix (Thermo Fisher Scientific) with a Step One Plus Real-
Time PCR System (Applied Biosystems). Materials for RT-
gPCR assays were collected from three independent pools of
seedlings. PCR reactions were performed in triplicate for
each sample, and the expression levels were normalized to
those of TUBULIN3.

Yeast two-hybrid assays

The yeast two-hybrid assays were performed as described
previously (Li et al, 2010). Briefly, the respective combina-
tions of LexA- and AD-fusion plasmids were cotransformed
into the yeast strain EGY48 (Estojak et al, 1995), which al-
ready contains the reporter plasmid p8op:LacZ. Yeast
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transformants were then streaked on synthetic dropout
(SD) medium (SD-Ura-His-Trp) containing X-gal (5-
bromo-4-chloro-3-indolyl-B-o-galactopyranoside) for  blue
color development. Yeast transformation was conducted as
described in the Yeast Protocols Handbook (Clontech).

Co-IP and immunoblotting

For co-IP assays, 500 mg of Col-0 or the indicated transgenic
seedlings were first grown in darkness or continuous white
light for 4 days, and then homogenized in 1-mL of protein
extraction buffer containing 50-mM Tris—=HCl, pH 7.5,
150-mM NaCl, 10-mM MgCl,, 1-mM EDTA, 0.1% (v/v) NP-
40, 1-mM phenylmethanesulfonyl fluoride (PMSF), 40-uM
MG132, and 1Xx complete protease inhibitor cocktail
(Roche), and centrifuged twice for 15 min at 12,000g, 4°C.
Of the 1-mL supernatant for each sample, 100 pL was set
aside as total, and the remainder was incubated with Myc-
Trap beads (ChromoTek) or GFP-Trap beads (ChromoTek)
for 2 h at 4°C. The beads were then washed four times (10
min each time) with protein extraction buffer, and the
immunoprecipitated proteins were eluted in 2 x SDS load-
ing buffer and analyzed by immunoblotting

For anti-ABI1, ABI2, ABI5, ABD1, ABF1, and ABF4 immu-
noblots, total proteins were extracted as described previ-
ously (Qiu et al, 2017). Briefly, 4-day-old dark-grown
seedlings (250 mg each sample) were ground in 750-puL ex-
traction buffer (100-mM Tris—HCl, pH 7.5, 100-mM NaCl, 5-
mM EDTA, pH 80, 5% [w/v] SDS, 20% [v/v] glycerol, 20-
mM DTT, 40-mM B-mercaptoethanol, 2-mM PMSF, 1Xx
EDTA-free protease inhibitor cocktail [Roche], 80-uM
MG132, 80-uM MG115, 1x phosphatase inhibitor cocktail,
and 10-mM N-ethylmaleimide) under dim green light.
Samples were immediately boiled for 10 min and then cen-
trifuged at 16,000g for 10 min at room temperature.
Proteins from the supernatant were used in the subsequent
immunoblot assays.

For all other immunoblots, total proteins were extracted
by homogenizing 4-day-old seedlings in 100 L of extraction
buffer containing 50-mM Tris—-HCl, pH 7.5, 150-mM NaCl,
10-mM MgCl,, 0.1% (v/v) Tween-20, 1-mM PMSF, 40-uM
MG132, and 1x EDTA-free protease inhibitor cocktail
(Roche). Protein concentration was determined using
Bradford Assay reagent (Bio-Rad), and then equal amounts
of total proteins for each sample were boiled in 6x SDS
loading buffer for 15 min.

Immunoblotting was performed as previously described
(Yan et al, 2020). Primary antibodies used in this study in-
clude anti-GST (1:2000 [v/v], catalog no. G7781; Sigma-
Aldrich), anti-His (1:1,000 [v/v], catalog no. H1029; Sigma-
Aldrich), anti-GFP  (1:2,000 [v/v], catalog no. BE2002
EasyBio), anti-MYC (1:2,000 [v/v], catalog no. MF083; Mei5
Biotechnology), anti-FLAG (1:1,000 [v/v], catalog no.
M?20008H; Abmart), anti-Ubiquitin (1:2,000 [v/v], catalog no.
3936; Cell Signaling Technology), anti-HSP (1:5,000 [v/v], cat-
alog no. AbM51099-31-PU; Beijing Protein Innovation), anti-
H3 (1:2,000 [v/v], catalog no. ab1791; Abcam), anti-PEPC
(1:1,000 [v/v], catalog no. AS09458; Agrisera), anti-COP1
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(1:1,000 [v/v]; Saijo et al, 2008), anti-ABI5 (1:2,000 [v/v], cat-
alog no. ab98831; Abcam), anti-ABI1 (1:2,000 [v/v]; Kong
et al, 2015), anti-ABI2 (1:2,000 [v/v]; Wang et al, 2019b),
anti-ABF1 (1:2,000 [v/v]; Wang et al, 2019b), anti-ABF4
(1:1,000 [v/v]; Wang et al, 2019b), anti-RPN6 (1:5,000 [v/v];
Zhou et al,, 2018).

The anti-PYR1, anti-OST1, and anti-ABD1 antibodies were
made by Beijing Protein Innovation. To generate the anti-
PYR1 and anti-OST1 polyclonal antibodies, His-PYR1 and
His-OST1 proteins were first produced in E. coli, and then
purified and used as antigens to immunize rabbits for pro-
ducing polyclonal antisera. Antigen affinity-purified antibod-
ies were used in immunoblots (1:2,000 [v/v] for both His-
PYR1 and His-OST1 antibodies). To generate anti-ABDT1
monoclonal antibodies, His-ABD1 proteins produced in E.
coli were used as antigens to immunize mice for generating
the anti-ABD1 monoclonal antibodies. Purified ABD1 mono-
clonal antibodies were used in immunoblots (1:1,000 [v/v]).

Nuclear-cytoplasmic fractionation assays

Nuclear fractionation was conducted as described previously
(Zhang et al., 2018). Briefly, 1 g of wild-type (Col-0) and pyr1
pyl1458 mutant seedlings grown in darkness for 4 days were
first treated with mock (equal volume of ethanol) or 60-uM
ABA for 1 h and ground in liquid nitrogen, thawed in 2 mL
of pre-cooled (4°C) lysis buffer (20-mM Tris—HCI, pH 7.4,
25% [v/v] glycerol, 20-mM KCI, 2-mM EDTA, 2.5-mM
MgCl,, 250-mM sucrose, 5-mM DTT) supplemented with
1x protease inhibitor cocktail (Roche), and filtered twice
with two layers of Miracloth (Merck Millipore). The flow-
through was centrifuged at 1,500g for 10 min at 4°C, and
then the supernatant, consisting of the cytoplasmic solution,
was centrifuged at 13,000g for 15 min at 4°C and collected.
The pellet, containing the nuclear fraction, was washed four
times with 2 mL of NRBT buffer (20-mM Tris—HCl, pH 7.4,
25% [v/v] glycerol, 25-mM MgCl,, and 0.2% [v/v] Triton X-
100), and centrifuged for 2 min at 1,500g at 4°C. The pellet
was resuspended in 300 pL of pre-cooled NRBT2 (250-mM
sucrose, 10-mM Tris—HCl, pH 7.5, 10-mM MgCl,, 1% [v/V]
Triton X-100, 0.035% [v/v] B-mercaptoethanol) containing
1x protease inhibitor cocktail (Roche), and carefully over-
laid on top of 300 puL of NRBT3 (1.7-M sucrose, 10-mM
Tris—HCl, pH 7.5, 2-mM MgCl,, 0.15% [v/v] Triton X-100,
0.035% [v/v] B-mercaptoethanol) containing 1X protease
inhibitor cocktail (Roche). These samples were centrifuged
for 45 min at 16,000g at 4°C, and the final nuclear pellet
was resuspended in 2 X SDS loading buffer. As quality con-
trol for the fractionation, PEPC protein was detected and
used as a cytoplasmic marker, and histone H3 was probed
and used as a nuclear marker.

In vitro pull-down assays

In vitro pull-down assays were performed as described previ-
ously (Dong et al., 2020). Briefly, 2.5 pg of purified recombi-
nant bait proteins (GST-ABD1 and GST) and 2.5 ug of prey
proteins (His-COP1) were added to 1 mL of binding buffer
(50-mM Tris—HCl, pH 7.5, 100-mM NaCl, 0.2% [v/v] glycerol,
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and 0.6% [v/v] Triton X-100). After incubation for 2 h at
4°C, Glutathione Sepharose 4B beads (GE Healthcare) were
added and incubated for another 2 h. After a gradient wash
with washing buffer (50-mM Tris—HCl, pH 7.5, and 150- or
200- or 300-mM NaCl), the pulled-down proteins were
eluted by boiling in 2 x SDS loading buffer for 15 min. The
input and eluted proteins were separated on 8% (w/v) SDS—
PAGE gels, and then subjected to immunoblotting with
anti-His (1:1,000 [v/v], catalog no. H1029; Sigma-Aldrich) or
anti-GST antibodies (1:2000 [v/v], catalog no. G7781; Sigma-
Aldrich).

BiFC assays

BiFC experiments were performed as described previously
(Waadt et al,, 2008). Briefly, the constructs were first individ-
ually transformed into Agrobacterium strain GV3101. The
bacteria were then grown overnight, briefly pelleted by cen-
trifugation and resuspended in infiltration buffer (10-mM
MES, pH 5.7, 10-mM MgCl,, 150-uM acetosyringone). The
cell suspensions for the appropriate constructs were mixed
in equal volumes and infiltrated into young but fully ex-
panded leaves of 7-week-old N. benthamiana leaves for tran-
sient expression using a needleless syringe. Two days after
infiltration, the YFP fluorescence signal was detected by a
confocal laser scanning microscope (ZEISS LSM 880).

In vitro and in vivo ubiquitination assays

In vitro ubiquitination assays were performed as described
previously (Lian et al, 2017) with minor modifications.
Briefly, ubiquitination reaction mixtures (60 L) contained
100 ng of UBE1 (ET; Boston Biochem), 100 ng of UbcH5b
(E2; Boston Biochem), 10 pg of FLAG-tagged ubiquitin
(FLAG-Ub; Boston Biochem), 200 ng of GST-ABD1 or GST,
and 0.5 pug of MBP-COP1 (incubated with 20 UM zinc ace-
tate) or bMBP-COP1 (MBP-COP1 denatured by boiling for
10 min at 95°C before addition to the ubiquitination reac-
tion system) in reaction buffer (50-mM Tris, pH 7.5, 10-mM
MgCl,, 10-mM ATP). After 2 h of incubation at 30°C, the
reactions were stopped by 5x SDS loading buffer. Thirty
microliters of each mixture were then separated on 8% (w/
v) SDS-PAGE gels, and the ubiquitinated GST-ABD1 pro-
teins were detected using anti-GST (1:2,000 [v/v], catalog
no. G7781; Sigma-Aldrich) and anti-FLAG antibodies (1:1,000
[v/v], catalog no. M20008H; Abmart).

In vivo ubiquitination assays were performed as de-
scribed previously (Wang et al.,, 2019a) with minor modifi-
cations. Briefly, the indicated combinations of 35S:HF-
COP1, Super:ABD1-GFP and 35S:HA-UBQ (Wang et al,
2018a) plasmids were cotransfected into Arabidopsis
(Col-0) protoplasts and incubated for 18 h with 5-uM
MG132 in the presence or absence of 5-uM ABA. Total
proteins were then extracted with protein extraction
buffer consisting of 50-mM Tris—HCl, pH 7.5, 150-mM
NaCl, 10-mM MgCl,, 1-mM EDTA, 0.1% (v/v) NP-40, 1-
mM PMSF, 1 x MG132, and 1 X complete protease inhib-
itor cocktail (Roche), and centrifuged twice for 15 min at
12,000g at 4°C. Of the 1 mL of supernatant for each
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sample, 100 pL was set aside as total, and the remainder
was incubated with GFP-Trap beads (ChromoTek) in the
presence of 50-uM MG132. After 2 h of incubation at
4°C, the beads were washed four times (10 min each
time) with protein extraction buffer, and the immunopre-
cipitated proteins were eluted in 2 x SDS loading buffer
at 100°C for 15 min, and analyzed by immunoblotting.

Cell-free protein degradation assays

Cell-free protein degradation assays were performed as de-
scribed previously (Kong et al, 2015). Briefly, total proteins
were extracted from 4-day-old dark-grown wild-type (Col-0)
and copT1-4 mutant seedlings with native protein extraction
buffer (50-mM Tris—-MES, pH 80, 05-M sucrose, 1-mM
MgCl,, 10-mM EDTA, pH 8.0, 5-mM DTT). Then, 200 ng of
recombinant His-ABD1 protein was incubated with equal
amounts (500 pg) of total proteins extracted from Col-0 or
cop1-4 seedlings, at 25°C for the indicated times. ATP (at a
final concentration of 10 mM) was added as previously de-
scribed. The reactions were stopped by 6x SDS loading
buffer, and the His-ABD1 proteins were detected with the
anti-His antibodies (1:1,000 [v/v], catalog no. H1029; Sigma-
Aldrich).

Identification of ubiquitination sites

Cell-free assays using recombinant GST-ABD1 were per-
formed as described previously (Yu and Xie, 2019). Briefly,
total proteins were extracted from 4-day-old dark-grown
wild-type (Col-0) seedlings with native protein extraction
buffer (50-mM Tris—-MES, pH 8.0, 05-M sucrose, 1-mM
MgCl,, 10-mM EDTA, pH 8.0, 5-mM DTT, 1-mM PMSF, 1 X
complete protease inhibitor cocktail [Roche], 02% [v/v]
NP40). GST beads (bound with ~200 ng of GST-ABD1 pro-
tein) were added to 200 L plant extracts (containing ~500
pg of total proteins) and incubated for 30 min at room
temperature in the presence of 50-uM MG132, and then in-
cubated at 4°C for 4 h. GST beads were then washed six
times (10 min each time) with modified GST-binding buffer
(50-mM Tris—HCl, pH 8.0, 270-mM NaCl, 0.5% [v/v] NP40,
1-mM DTT, and 1-mM PMSF). Then, the immunoprecipi-
tated proteins were eluted in 2x SDS loading buffer at
100°C for 5 min, and separated on an SDS-PAGE gel. The
gel sample containing the ubiquitinated target proteins was
excised, digested in-gel, and subjected to LC-MS/MS
analysis.

Quantification and statistical analyses

Protein quantification was performed with Image). Analyses
of variance (ANOVAs) were performed with SPSS statistical
software, and Student’s t tests were performed in Microsoft
Excel. Different letters represent statistical significances, as
determined by ANOVA (P < 0.05) for multiple comparisons,
and levels that are not significantly different are indicated
with the same letter.
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Accession numbers

Sequence data from this article can be found in the
Genome |Initiative or GenBank/EMBL data libraries under
the following accession numbers: COP1 (At2g32950), ABD1
(At4g38480), ABI5 (At2g36270), KEG (At5g13530), DWAT
(At2g19430), DWA2 (At1g76260), PYR1 (At4g17870), and
OST1 (At4g33950).
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The following materials are available in the online version of
this article.

Supplemental Figure S1. Specificity of anti-PYR1 and
anti-OST1 antibodies.

Supplemental Figure S2. ABA promotes ABI1/ABI2 pro-
tein accumulation in darkness by rapidly inducing the ex-
pression of their encoding genes.

Supplemental Figure S3. RT-qPCR assays showing that
COP1 and ABI5 mediate ABA-induced ABI1/ABI2 expression
in darkness.

Supplemental Figure S4. Immunoblots showing the levels
of ABF1 and ABF4 proteins in dark-grown Col-0 and cop1
mutant seedlings in response to ABA treatment.

Supplemental Figure S5. The cop1-4 abi5-8 double mu-
tant is hyposensitive to ABA in the dark.

Supplemental Figure S6. Immunoblots showing the levels
of transgenic or endogenous ABI5 proteins in various
seedlings.

Supplemental Figure S7. RT-qPCR assays showing that
COP1 mediates ABA-induced ABI5 expression in darkness.

Supplemental Figure S8. COP1 promotes the stability of
endogenous ABI5 proteins in vivo.

Supplemental Figure S9. ABI5 does not directly interact
with COP1 in yeast cells or in vivo.

Supplemental Figure S$10. Specificity of anti-ABD1
antibodies.

Supplemental Figure S11. Genotyping of cop1-4 abd1-1
mutant.

Supplemental Figure S12. COP71 transcript and COP1
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