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Members of the DDB1-CUL4–associated factors (DCAFs) family directly bind to DAMAGED DNA BINDING PROTEIN1 (DDB1)

and function as the substrate receptors in CULLIN4-based E3 (CUL4) ubiquitin ligases, which regulate the selective

ubiquitination of proteins. Here, we describe a DCAF protein, ABD1 (for ABA-hypersensitive DCAF1), that negatively regulates

abscisic acid (ABA) signaling in Arabidopsis thaliana. ABD1 interacts with DDB1 in vitro and in vivo, indicating that it likely

functions as a CUL4 E3 ligase substrate receptor. ABD1 expression is induced by ABA, and mutations in ABD1 result in ABA-

and NaCl-hypersensitive phenotypes. Loss of ABD1 leads to hyperinduction of ABA-responsive genes and higher accumulation

of the ABA-responsive transcription factor ABA INSENSITIVE5 (ABI5), hypersensitivity to ABA during seed germination and

seedling growth, enhanced stomatal closure, reduced water loss, and, ultimately, increased drought tolerance. ABD1 directly

interacts with ABI5 in yeast two-hybrid assays and associates with ABI5 in vivo by coimmunoprecipitation, and the interaction

was found in the nucleus by bimolecular fluorescence complementation. Furthermore, loss of ABD1 results in a retardation of

ABI5 degradation by the 26S proteasome. Taken together, these data suggest that the DCAF-CUL4 E3 ubiquitin ligase

assembled with ABD1 is a negative regulator of ABA responses by directly binding to and affecting the stability of ABI5 in

the nucleus.

INTRODUCTION

Due to their sessile nature, plants have evolved an extraordinary

ability to alter their physiology, morphology, and development to

adapt to changes in the environment. Environmental stress, partic-

ularly water-related stresses including drought and high salinity,

presents an increasingly important challenge in agriculture as it

reduces the potential yields as much as 70% in crop plants (Agarwal

et al., 2006). Plant hormones play a central role in environmental

adaptation by inducing many biochemical and physiological alter-

ations to overcome abiotic stress such as drought, salinity,

wounding, UV, and temperature change and biotic stress such as

pathogen infection. The phytohormone abscisic acid (ABA) is an

important regulator of plant growth and development that plays

a key role in adaptive stress responses. ABA, at its fundamental

level, mediates multiple physiological processes such as stomatal

movement, seed development, embryo morphogenesis, seed dor-

mancy, and synthesis of storage proteins and lipids. However, in

response to abiotic and biotic stress, ABA levels rise substantially

and play a pivotal role as a messenger in adaptive stress responses.

ABA regulates a much larger subset of genes compared with

other plant hrmones, with just over 10% of protein-coding genes

that are likely regulated by ABA in Arabidopsis thaliana plants

(Nemhauser et al., 2006; Goda et al., 2008; Mizuno and Yamashino,

2008). In fact, a number of important components of this sig-

naling network have been identified and characterized by a

combination of biochemical, pharmacological, structural, and

genetic approaches. In the presence of ABA, the ABA receptors

PYR/PYL/RCAR (Pyrabactin resistance 1/Pyrabactin resistance

1-like/Regulatory Component of ABA Receptor) function at the

apex of a negative regulatory pathway to directly bind to and

negatively regulate type 2C Ser/Thr protein phosphatases (Ma

et al., 2009; Park et al., 2009; Santiago et al., 2009; Nishimura

et al., 2010). This allows for the activation of SnRK2 kinases

(sucrose nonfermenting-1-related protein kinase class 2), which

subsequently phosphorylate ABFs (ABA-responsive element

binding factors) (Cutler et al., 2010). ABFs include members of

the ABF/AREB/ABI5 clade of bZIP transcription factors (TFs),

which represent the major TF family that regulates ABA-mediated

gene expression under stress conditions. TFs in this family

recognize the ABA response elements (ABREs), a G-box that is

involved in ABA-regulated gene expression (Uno et al., 2000),

and upregulate the expression of ABA-responsive genes such

as RESPONSIVE TO DESSICATION 29A (RD29A) and RD29B

(Nakashima et al., 2006). In addition to ABRE motifs, MYC and
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MYB recognition sites also have important roles in ABA signal-

ing. The TFs MYC2 and MYB2 recognize these motifs, which are

synthesized de novo in response to ABA and cooperatively

activate stress inducible genes such as RD22 (Abe et al., 2003).

Adaptation to abiotic stress is also achieved through the ubiq-

uitination and degradation of components specific to these stress-

signaling pathways by the ubiquitin proteasome system (UPS).

In fact, ABA INSENSITIVE5 (ABI5) is rapidly degraded after seed

germination or removal of ABA, and its stability is regulated by

ubiquitin-mediated degradation (Lopez-Molina et al., 2001; Lopez-

Molina et al., 2003). The first evidence that ABI5 was regulated by

the proteasome was with the identification of ABI FIVE BINDING

PROTEIN1 (AFP1), which is a member of a small plant-specific

protein family. AFP1 directly binds to and forms a high molecular

weight complex with ABI5 and facilitates ubiquitin-mediated pro-

teolysis of ABI5 (Lopez-Molina et al., 2003; Garcia et al., 2008).

Moreover, when AFP1 and ABI5 are expressed together, the pro-

teins become colocalized in nuclear bodies and may represent sites

of ABI5 degradation (Lopez-Molina et al., 2003). More recently, two

different types of E3 ligases have been identified as negative reg-

ulators of ABI5. KEEP ON GOING (KEG), a RING-ANK E3 ligase, is

required for the regulation of ABI5 abundance. In vivo studies have

shown that in the absence of ABA, KEG directly ubiquitinates ABI5,

which causes the proteasomal degradation of ABI5. However, the

presence of ABA triggers the self-ubiquitination and proteasomal

degradation of KEG itself, leading to increased ABI5 stability (Stone

et al., 2006; Liu and Stone, 2010). DWD hypersensitive to ABA1

(DWA1) and DWA2 are substrate adaptors for the CULLIN4-based

E3 ligases that directly interact with each other and act together to

mediate the degradation of ABI5 by the UPS (Lee et al., 2010).

The UPS polyubiquitinates target proteins for degradation by

the 26S proteasome, which is accomplished by consecutive ac-

tivities of three enzymes, ubiquitin-activating enzyme (E1), ubiquitin-

conjugating enzyme (E2), and ubiquitin ligase (E3) (Hotton and

Callis, 2008). The substrate specificity of the pathway is de-

termined by the E3 ligase, which binds to a specific target protein

and stimulates the conjugation of ubiquitin to the target protein.

The largest E3 ligase family in Arabidopsis thaliana is the cullin-

RING ubiquitin ligase (CRL) superfamily, with the potential to

assemble many hundreds to a thousand distinct CRLs, which can

be connected to almost all stages of plant physiology, growth,

development, and stress response (Smalle and Vierstra, 2004;

Hua and Vierstra, 2011). CRLs are assembled on a cullin protein,

which provides scaffolding for two essential modules: a small

RING-box domain protein (RBX1) on its C terminus and adaptors

that are specific for each cullin protein, which are associated with

substrate receptors that specifically recognize their correspond-

ing target proteins on its N terminus (Hotton and Callis, 2008).

One of the cullin proteins, CULLIN4 (CUL4), the most recently

identified cullin protein, has been described in greater detail in

mammals recently due to its role in many key biological path-

ways. Unlike other cullin proteins, CUL4 assembles with DAM-

AGED DNA BINDING PROTEIN1 (DDB1) and a WD40 protein as

its adaptor (Pintard et al., 2004; He et al., 2006). DDB1 consists

of three WD40 b-propeller domains (BPA, BPB, and BPC) and

a C-terminal helical domain. The BPB propeller mediates the

interaction with CUL4, while the BPA and BPC propellers ar-

range themselves as a clam shape pocket, allowing for the

association of DDB1 interacting partners, the substrate re-

ceptors for CUL4-RING ubiquitin ligases (CRL4s) (Angers et al.,

2006; Li et al., 2006; Scrima et al., 2008; Bernhardt et al., 2010).

DDB1-interacting partners contain a conserved domain called

the DDB1 binding WD40 protein (DWD) box, which is a 16–

amino acid motif that is found within WD40 proteins and is

conserved in many eukaryotes (He et al., 2006). Furthermore,

a majority of DDB1-interacting WD40 proteins contain one to

two copies of a shorter four-amino motif called the WDxR, with

Asp and Arg as essential residues for the interaction with DDB1

(Angers et al., 2006; Higa et al., 2006; Jin et al., 2006). This

subgroup of WD40 proteins is interchangeably referred to as

DDB1-CUL4–associated factor (DCAF) proteins, DWD proteins,

WDxR proteins, or CUL4- and DDB1-associated WD40-repeat

proteins (hereafter referred to as DCAF).

Compared with mammalian CRL4s, Arabidopsis uses similar

machinery for its CRL4s. For example, DDB1 is encoded by two

genes, DDB1a and DDB1b, compared with the human genome,

which only encodes one (Schroeder et al., 2002; Bernhardt et al.,

2010). Furthermore, 85 proteins in Arabidopsis and 78 proteins in

rice (Oryza sativa) were found to contain at least one DWD motif,

while the human genome contains upwards of 90 WD40 proteins

that contain a DWD motif (He et al., 2006; Lee et al., 2008). More-

over, similar to mammalian studies, WD40 proteins with the WDxR

motif are also able to interact with DDB1, with 119 out of 297

Arabidopsis WD40 proteins and 110 out of 223 rice WD40 proteins

containing at least one copy of the motif (Zhang et al., 2008).

Initially, CRL4s were described as regulators of damaged DNA,

with the major function of DDB1 described as participating in the

recognition of damaged DNA and initiation of nucleotide excision

repair processes (Keeney et al., 1993; Groisman et al., 2003; Zhong

et al., 2003; Biedermann and Hellmann, 2010). Recently, other

regulatory functions have been assigned to the CRL4 E3 ligases,

such as photomorphogenesis, cell cycle regulation, flower timing

and development, UV-B–induced photomorphogenesis and stress

acclimation, and ABA stress response, but a majority of these E3

ligases still have no assigned function (Zhang et al., 2003; Chen

et al., 2010; Gruber et al., 2010; Lee et al., 2010; Dumbliauskas

et al., 2011; Lee et al., 2011; Pazhouhandeh et al., 2011; Nezames

et al., 2012; Huang et al., 2013). Since it is proposed that upwards

of 10% of coding genes are ABA regulated, it is likely that there are

additional substrate receptors for CRL4 ubiquitin ligases, besides

DWA1, DWA2, and DWA3 that participate in ABA signaling (Dreher

and Callis, 2007; Lee et al., 2010, 2011). Moreover, DCAF proteins

that only possess a WDxR motif (not an entire DWD domain) for

ABA signaling have yet to be confirmed. Here, we demonstrate that

ABD1, a DCAF protein that contains a WDxR motif, plays a critical

role as a negative regulator in ABA signaling. We show that abd1

loss-of-function mutants display ABA hypersensitivity phenotypes

in seed germination and postgermination growth. ABD1 functions

as a substrate receptor in the CUL4-DDB1 E3 ligase machinery and

directly interacts with ABI5 in vitro and in vivo, which modulates the

stability of ABI5. Our findings also indicate that ABD1 functions

separately from the DWA proteins (Lee et al., 2010, 2011). Taken

together, ABD1 is a negative regulator of ABA signaling, acting as

a substrate receptor in the CUL4-DDB1 E3 ligase by directly

binding to ABI5 in the nucleus and negatively affecting the stability

of ABI5.
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RESULTS

Identification of a DCAF Protein Involved in ABA Response

To investigate the possible involvement of DCAFs with a WDxR

motif during the ABA response, we analyzed their transcriptional

levels in response to ABA or NaCl using microarray data from

the AtGenExpress Visualization Tool (Kilian et al., 2007), since

salt stress and ABA responses are largely overlapped with

each other (Zhu, 2002). One At4g38480 named ABD1 (for ABA-

hypersensitive DCAF1) was selected since its transcripts were

upregulated 1.9 times in seeds after treatment with 3 mM ABA

for 24 h and 2.3 times in roots after treatment with 150 mM NaCl

for 6 h based on AtGenExpress Visualization Tool data. To

check if the loss of ABD1 leads to altered sensitivity in response

to ABA, two independent T-DNA insertion lines, abd1-1 and

abd1-2, were obtained, representing insertions in the first intron

and fifth exon, respectively, which were analyzed for ABD1 ex-

pression (Figure 1A). RT-PCR analysis revealed that both T-DNA

insertion lines abolish ABD1 expression (Figure 1A). Since the

Figure 1. Schematic Structure of ABD1 and Isolation of abd1-1 and abd1-2.

(A) The genomic structure and T-DNA insertions in Arabidopsis ABD1. Exons are depicted as colored boxes, introns are represented by lines, and pale-

blue boxes represent the 59- and 39-untranslated regions. The T-DNA insertion sites, abd1-1 and abd1-2, are represented by open inverted triangles.

Genotyping and transcript analysis of abd1-1 and abd1-2. RPN6 primers were used as an internal control for the both the genotyping and transcript

analyses. RT-PCR analysis of the ABD1 transcript was performed in wild-type, abd1-1, and abd1-2 mutant seedlings.

(B) Protein structure of ABD1 depicting the predicted WD40 region in red and the WDxR motif in yellow.

(C) Quantitative PCR analysis of ABD1 expression in 7-d-old Col-0 wild-type seedlings in the absence or presence of 1 or 2 mM ABA. Values are

means 6 SD (n = 3). Significant difference was determined by a Student’s t test; single or double stars indicate a P value of <0.05 or <0.01, respectively.
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T-DNA insertion in abd1-2 occurs at the 39 end of ABD1, we

further tested for the expression of a partial ABD1 transcript,

upstream of the T-DNA insertion in abd1-2. RT-PCR analysis

revealed that abd1-2 expresses a truncated ABD1 transcript

(Figure 1A). In our initial screenings, abd1-1 and abd1-2 dis-

played hypersensitivity to ABA and NaCl; therefore, they were

selected for characterization.

ABD1 has a 1416-bp-long coding region, which encodes a 471–

amino acid protein (Figures 1A and 1B). Sequence analysis in-

dicated that ABD1 has seven predicted WD40 repeats between

amino acids 44 to 380 and one WDxR motif that is found within the

fourth WD40 repeat between amino acids 221 to 224 (Figure 1B).

From the GenBank reference protein database, we identified ho-

mologs of ABD1 from several other representative model organ-

isms, including rice, mouse (Mus musculus), human (Homo

sapiens), budding yeast (Saccharomyces cerevisiae), fission yeast

(Schizosaccharomyces pombe), methane-producing Archaebacterium

(Methanosarcina barkei and Methanosaeta harundinacea), and

cyanobacterium. Together, this suggests that ABD1 has been

evolutionarily conserved among all species, possibly with cya-

nobacterial ancestry. Arabidopsis ABD1 also has 42 and 43%

sequence similarity to human and mouse DCAF8, respectively.

In all three homologs, the WDxR motif is conserved, indicating

that this motif is likely important for the function of these pro-

teins (Supplemental Figure 1). Furthermore, ABD1 transcripts

are induced upon exposure to increasing concentrations of ABA

(Figure 1C), suggesting that ABD1 plays a role in ABA signaling

in Arabidopsis.

ABD1 Regulates ABA-Mediated Seed Germination

and Postgermination Growth

To further characterize the role of ABD1 in the ABA signaling

pathway, abd1-1 and abd1-2 seeds were germinated on

Figure 2. ABD1 Is Required for Normal Seed Germination and Postgerminative Growth in Response to ABA and NaCl.

(A) Visual comparison of Col-0, abd1-1, and abd1-2 seed germination and postgerminative growth after 7 d in the absence or presence of 0.5 mM ABA,

1 mM ABA, or 100 mM NaCl.

(B) Col-0 wild type, abd1-1, and abd1-2 were grown for 5 d on an increasing concentration of ABA, after which the germination rate was determined.

Mean 6 SD values were determined from three replicates (n = 144).

(C) to (E) Germination rate of Col-0 wild type, abd1-1, and abd1-2 over 7 d in the absence (C) or presence (D) of 0.5 mM ABA or 100 mM NaCl (E).

Mean 6 SD values were determined from three replicates (n = 144).
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increasing concentrations of ABA as well as NaCl. In the pres-

ence of ABA and NaCl, abd1-1 and abd1-2 seedlings exhibited

significantly reduced seed germination (Figure 2A). A dose–

response analysis using increasing concentrations of ABA was

performed to compare the germination of Columbia-0 (Col-0)

wild type, abd1-1, and abd1-2 after 5 d. Treatment with in-

creasing concentrations of ABA resulted in a decrease in seed

germination in concentrations as low as 0.5 mM ABA (Figure 2B).

To confirm that the reduced germination rate in abd1-1 and

abd1-2 was not the result of a developmental defect in seeds,

Col-0 wild-type, abd1-1, and abd1-2 seeds were germinated in

the absence of ABA. As shown in Figure 2C, both abd1-1 and

abd1-2 have a slightly delayed germination, but reach 100%

germination after 4 d. When germinated on medium containing

0.5 mM ABA, abd1-1 and abd1-2 seeds germinated much later

than in the wild type but were able to eventually germinate to

Figure 3. ABA and NaCl Responses of Col-0 Wild-Type, abd1-1, and abd1-2 Plants in Terms of Seedling Growth.

(A) ABA and NaCl hypersensitivity of abd1-1 and abd1-2. Root growth of Col-0 wild type, abd1-1, and abd1-2 that were vertically grown on MS medium

in the absence or presence of 0.5 µM ABA or 100 mM NaCl for 7 d. Values are mean 6 SD (n = 12). Significant difference was determined by a Student’s

t test; a star indicates a P value of <0.0001.

(B) Root growth inhibition of seedlings in the presence ABA. Seedlings were grown for 3 d on MS plates and then transferred to 0 or 5 mM ABA. After

5 d of growth, photographs were taken and root lengths were measured. Values are means 6 SD (n = 10). Significant difference was determined by

a Student’s t test; a star indicates a P value of <0.0001.

(C) Cotyledon greening of Col-0 wild type, abd1-1, and abd1-2. Seedlings were germinated and grown on MS plates in the absence or presence of

0.5 µM ABA or 100 mM NaCl for 7 d, after which photographs were taken. Cotyledon greening percentage was determined from an average of >100 seeds

with three independent experiments. Values are means 6 SD (n = 144). Significant difference was determined by a Student’s t test; a star indicates

a P value of <0.0001.
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Figure 4. Loss of ABD1 Confers Increased Drought Tolerance.

(A) ABA-induced stomatal closure of Col-0 wild type, abd1-1, and abd1-2. Epidermal peels from Col-0 wild type, abd1-1, and abd1-2 were measured

for stomatal aperture in response to ABA as described by Li et al. (2011).

(B) Relative stomatal aperture compared with that on ABA-free medium. Results are from three replicates, and values represent means 6 SD (n = 30).

Significant difference was determined by a Student’s t test; single and double stars indicate a P value 0.01 # P < 0.05 and P < 0.01, respectively.
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levels similar to the wild type after 7 d (Figure 2D). Further-

more, abd1-1 and abd1-2 displayed delayed germination rate to

100 mM NaCl compared with the wild type (Figure 2E).

When abd1-1 and abd1-2 were germinated and grown in the

presence of low levels of ABA and NaCl, both mutants displayed

hypersensitivity to both treatments (Figure 3A). To determine if the

reduced root growth in the abd1 mutants was solely due to

a defect in seed germination and not the inhibition of primary root

growth, the seeds of abd1-1 and abd1-2 were allowed to ger-

minate and were then transferred to media containing a high level

of ABA. In contrast with the dwa mutants (Lee et al., 2008, 2010),

there was a significant reduction in primary root growth of abd1-1

and abd1-2 when compared with the wild type (Figure 3B). Fur-

thermore, when cotyledon greening was observed, both abd1-1

and abd1-2 had reduced cotyledon greening compared with the

wild type (Figure 3C). Together, these results demonstrate that

ABD1 acts as a negative regulator of ABA signaling during both

seed germination and postgermination seedling growth.

ABD1 Regulates ABA-Mediated Stomatal Closure

and Plant Drought Tolerance

Since loss of ABD1 confers hypersensitivity to ABA during both

seed germination and postgermination growth, it was of interest to

determine if loss of ABD1 results in other ABA-associated pheno-

types, such as enhanced ABA-induced stomatal closing and en-

hanced drought tolerance. ABA-mediated stomatal closure is one

of the ABA-regulated processes that determine the rate of tran-

spiration under drought conditions. For this experiment, epidermal

peels from both wild-type and abd1 mutants were used to analyze

the stomatal response to ABA. As shown in Figure 4, treatment of

wild-type plants with 50 mMABA for 2.5 h led to stomatal apertures

of the wild type being reduced by 10%, whereas the abd1mutants

had stomatal apertures reduced by 20% (Figures 4A and 4B).

Since ABD1 loss-of-function mutants displayed enhanced

stomatal closing in response to ABA treatment, it was likely that

ABD1 may play a role in regulating plant response to drought.

We assessed whether the enhanced stomatal response of abd1

mutants altered their transpiration rates and ultimately contrib-

utes to their better survival under drought stress. As shown in

Figure 4C, the water loss rate of abd1-1 and abd1-2 detached

leaves exhibited slower water loss than wild-type plants. Con-

sistent with the stomatal response to ABA (Figure 4B), abd1-2

displayed little effect on leaf water loss, suggesting that abd1-2

is a weaker allele, compared with abd1-1.

To confirm that loss of ABD1 results in increased drought

tolerance, 3-week-old wild-type and abd1-1 and abd1-2 plants

were assayed for survival after drought tolerance. As shown in

Figure 4D, after withholding water for 12 d in 3-week-old plants

and then allowing them to recover after rewatering for 1 d, over

70% of the abd1 mutants survived, while just over 10% of Col-0

wild-type plants survived. In support of the enhanced survival, in

Figure 4E, after withholding water for 12 d, all of the tested

plants appeared withered, whereas upon rewatering, both loss-

of-function mutants, abd1-1 and abd1-2, survived the drought

stress, while wild-type plants remained withered.

ABD1 Affects Expression Patterns of

ABA-Responsive Genes

ABI5 and MYC2 activate a variety of ABA-inducible genes in

response to ABA and salt treatment, such as RD29A, RD29B,

and RD22. It has been previously reported RD29A and RD29B

have ABREs in their promoters and are transactivated by ABI5,

whereas RD22 is transactivated by MYC2 (Abe et al., 2003;

Nakashima et al., 2006). We tested the expression of these ABA-

inducible genes, as well as ABI5, in Col-0 wild type and abd1

mutants in response to 0.5 mM ABA and 100 mM NaCl (Figure 5;

Supplemental Figure 2). RD29A, RD29B, and ABI5 were all hy-

perinduced in abd1-1 and abd1-2 compared with the wild type

(Figure 5). We further tested to see if ABI3 induction due to loss of

ABD1 was causing the overexpression of ABI5. As shown in

Supplemental Figure 2E, we did not find any significant change in

the transcript levels between Col-0 wild type and abd1 before and

after treatment with ABA, indicating that ABI5 overexpression in

abd1 is not a result of ABI3 overexpression due to loss of ABD1.

Furthermore, RD22 expression level did not show a significant

hyperinduction when compared with the wild type, suggesting

that MYC2 activated pathway is not compromised in ABD1 loss-

of-function plants. Moreover, the expression of the drought- and

salt-inducible gene RD20 was also investigated. Loss of ABD1

also did not result in a significant hyperinduction of RD20 when

compared with the wild type (Supplemental Figure 2).

Since abd1 mutants exhibited ABA hypersensitivity and ABI5-

regulated genes are hyperinduced in abd1mutants, we checked the

protein levels of ABI5. The wild type and abd1 mutants were ger-

minated and grown on Murashige and Skoog (MS) plates supple-

mented with 0.5 mM ABA or 100 mM NaCl. After 7 d of growth,

protein level of ABI5 was examined. In immunoblot assays, ABI5

appears as three different isoforms (52.5, 51, and 50 kD) using the

ABI5 antibody, with the 52.5- and 50-kD bands predominating in the

blot (Stone et al., 2006). Similar to what has been previously re-

ported, we also detected the two predominate ABI5 bands in our

immunoblot assays in response to ABA treatment. As shown in

Figure 6, abd1 mutants hyperaccumulate ABI5 in response to ABA,

about 4-fold more ABI5 protein compared with the wild-type plants

Figure 4. (continued).

(C) Water loss assay of Col-0 wild type, abd1-1, and abd1-2 detached leaves. Results are from three replicates, and values represent means 6 SD (n = 3).

Statistically significant difference was determined by a Student’s t test; single, double, and triple stars indicate P values of <0.05, <0.005, and <0.001,

respectively.

(D) Drought tolerance assay of 3-week-old Col-0 wild-type, abd1-1, and abd1-2 plants was performed by withholding water for 12 d and subsequently

rewatering and examining after 1 d. Values represent means 6 SD (n = 132). Significant difference was determined by a Student’s t test; triple stars

indicate a P value of <0.0001.

(E) Representative plants from drought tolerance assay described in (D).
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(Figures 6A and 6B). Furthermore, abd1 mutants also hyperaccu-

mulate ABI5 in response to salt, about 2-fold more ABI5 protein

compared with the wild-type plants (Figures 6C and 6D). Although,

we found that loss of ABD1 affects the transcript levels of ABI5 only

upon ABA treatment (Figure 5E), the hyperaccumulation of ABI5 in

abd1 by ABA cannot be explained by only transcriptional regulation

since the increased fold of ABI5 by loss of ABD1 is much lower than

that of ABI5 protein by loss of ABD1. Moreover, previous reports

describe that ABI5 is necessary for ABI5 expression and that ABI5

hyperaccumulation results in increased ABI5 transcript abundance

due to ABI5 autoregulation (Brocard et al., 2002). This suggests that

ABD1 is required for the appropriate degradation of ABI5, likely by

acting as a substrate receptor in the CUL4-DDB1–based E3 ubiq-

uitin ligase machinery.

ABD1 Interacts With DDB1

To investigate the possibility that ABD1 is acting as a substrate

receptor in the CUL4-DDB1–based E3 ubiquitin ligase machinery,

full-length ABD1 and DDB1a were cotransformed into yeast for

a two-hybrid assay. As expected, increased b-galactosidase activity

was observed, indicating that ABD1 interacts with DDB1a in yeast

(Figure 7A). b-Galactosidase activity was at least 2-fold greater than

the empty vector control and more than 6-fold greater than the

green fluorescent protein (GFP) negative control. The interaction

also showed a similar b-galactosidase activity when compared with

the positive control, CUL4. To confirm that ABD1 interacts with

DDB1 and forms a CUL4 E3 ligase complex in planta, MYC-tagged

ABD1 was introduced into FLAG-DDB1b/ddb1a lines. In vivo

coimmunoprecipitation (co-IP) assays were then performed to test

for interactions between DDB1, CUL4, and ABD1. As shown in

Figure 7B, when MYC-tagged proteins were immunoprecipitated

from plant extracts using anti-MYC antibody, ABD1-MYC was de-

tected together with FLAG-tagged DDB1b as well as CUL4. Finally,

to elucidate the cellular compartment where ABD1 and DDB1a di-

rectly interact, we performed bimolecular fluorescence comple-

mentation (BiFC). ABD1 and DDB1a interact with each other

specifically in the nucleus (Figure 7C). These results demonstrate

Figure 5. abd1-1 and abd1-2 Seedlings Have Increased Expression of Abiotic Stress–Responsive Genes after ABA and NaCl Treatment.

Seven-day-old Col-0 wild-type, abd1-1, and abd1-2 seeds were grown in the absence or presence of 0.5 mM ABA or 100 mM NaCl. mRNA levels were

determined by quantitative real-time PCR analysis. Relative amounts of transcripts were normalized to the levels of ACTIN2 within the same sample.

Results are from three biological replicates and values represent means 6 SD (n = 9). Statically significant difference was determined by a Student’s t

test; triple black stars indicate a significant difference between the wild type and the abd1 mutants (P < 0.0001).

(A) RD29A after ABA treatment.

(B) RD29A after NaCl treatment.

(C) RD29B after ABA treatment.

(D) RD29B after NaCl treatment.

(E) ABI5 after ABA treatment.
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that ABD1 interacts with DDB1 in Arabidopsis in the nucleus and

likely participates as a substrate receptor in the CUL4-based E3

ligase machinery.

ABD1 Directly Interacts with and Influences

the Stability of ABI5

Since loss ABD1 results in hyperaccumulation of ABI5, we

checked for a direct interaction between ABD1 and ABI5. In

yeast two-hybrid analyses, we found that ABD1 and ABI5 di-

rectly interact (Figure 8A). Furthermore, since ABI5 is a member

of the bZIP/ABRE family, we tested the five closest related

TFs in this family to ABI5 (Kim et al., 2002), which included

ABSCISIC ACID RESPONSIVE ELEMENT BINDING FACTOR1

(ABF1), DC3 PROMOTER BINDING FACTOR2 (DPBF2),

ABSCISIC ACID-RESPONSIVE ELEMENT BINDING PROTEIN1

(AREB1), AREB2, and AREB3, for an interaction with ABD1. No

obvious interaction was observed between ABD1 and ABF1 or

DPBF2, the two that display the highest protein homology to

ABI5, or any of the other members tested, suggesting that ABD1

may act specifically in the ABI5 pathway (Supplemental Figure

3). Since it was previously reported that two other DCAF pro-

teins, DWA1 and DWA2, directly interact with each other to

mediate ABI5 degradation and three DCAF proteins, DWA1,

DWA2, and DWA3, display similar ABA hypersensitivity (Lee

et al., 2010, 2011), we tested for ABD1’s interaction with DWA1,

DWA2, and DWA3. No obvious interaction was observed be-

tween ABD1 and the other reported DWA proteins in yeast

(Supplemental Figure 3), indicating that ABD1 likely acts apart

from the other DWA proteins. Additionally, we checked for a di-

rect interaction between ABI3 and ABD1 since ABI5 and ABI3

appear to act in combination to regulate seed sensitivity to ABA.

When we checked the interaction between ABD1 and ABI3 in

yeast, there was no binding activity between the two (Supplemental

Figure 3).

To confirm that ABD1 and ABI5 interact in planta, luciferase

complementation imaging (LCI) assays (Chen et al., 2008) and in

vivo co-IP assays were performed. The LCI assays indicated

that cLUC-ABD1 interacted with ABI5-nLUC (Figure 8B). In vivo

co-IP assays were performed using MYC-tagged ABD1 in-

troduced into wild-type Arabidopsis plants and showed that

ABD1-MYC was coimmunoprecipitated with ABI5 but not with

RPN6 in Arabidopsis (Figure 8C). Unlike previous co-IP experi-

ments with DCAF proteins (Lee et al., 2010), ABD1 was able to

pull down all of the ABI5 isoforms (Figure 8C). To elucidate the

cellular compartment where ABD1 and ABI5 directly interact, we

performed BiFC. ABD1 and ABI5 interact with each other spe-

cifically in the nucleus (Figure 8D), which further supports the

interaction between ABD1 and ABI5 in vivo and indicates that

ABI5 is likely the substrate for ABD1-DDB1-CUL4 E3 ligase

complexes.

Previous reports have shown that ABI5 is stabilized in the

presence of ABA and is then rapidly degraded via the 26S

proteasome when the ABA treatment is removed (Lopez-Molina

et al., 2001). To determine how ABD1 functions in this process

and whether ABD1 perturbs ABI5 degradation, we treated Col-0

wild-type and abd1-1 seeds with 5 mM ABA for 3 d, washed

out the ABA, and grew the seeds on MS liquid medium without

ABA. We harvested the samples at various incubation time

points (0, 8, 12, 16, and 20 h) for protein extraction. We found

that after removal of ABA, ABI5 was more abundant in abd1-1

(Figure 9A; Supplemental Figure 4).

We then treated the samples with the proteasome inhibitor

MG132 or the protein synthesis inhibitor cycloheximide (CHX)

during the ABA washout and then monitored ABI5 protein levels

in both Col-0 wild type and abd1-1. As shown in Figure 9B and

Supplemental Figure 4, ABI5 degradation in both Col-0 wild type

and abd1-1 was markedly delayed under the presence of MG132,

indicating that ABI5 degradation shown in Figure 9A is dependent

on the 26S proteasome. To exclude the possibility that the result

from Figure 9A was due to increased ABI5 transcripts in abd1-1

Figure 6. ABD1 Represses the Accumulation of ABI5 Protein.

(A) Col-0 wild type, abd1-1, and abd1-2 were grown on MS plates in the

absence or presence of 0.5 µMABA for 7 d. Proteins were extracted and ABI5

protein level was determined by immunoblot assay. The ABI5 bands represent

the two predominant forms of ABI5.

(B) Quantification of immunoblot assay. Relative amounts of ABI5 protein

were normalized to the levels of RPN6 within the same sample.

(C) Col-0 wild type, abd1-1, and abd1-2 were grown on MS plates in the

absence or presence of 100 mM NaCl for 7 d. Proteins were extracted

and ABI5 protein level was determined by immunoblot assay.

(D) Quantification of immunoblot assay. Relative amounts of ABI5 pro-

tein were normalized to the levels of RPN6 within the same sample.

Values are means 6 SD (n = 3). Significant difference was determined by

a Student’s t test; single, double, or triple stars indicate a P value of

<0.05, <0.009, and <0.0001, respectively.
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compared with Col-0 wild type, CHX treatment was added during

the ABA washout. After this treatment, the degradation of ABI5 is

significantly delayed compared with the wild type, confirming that

the high accumulation of ABI5 in abd1-1 results from the de-

creased degradation rate of ABI5 due to the loss of ABD1 (Figure

9C; Supplemental Figure 4). Together, these data support that

ABD1 is required for posttranscriptional regulation of ABI5 in re-

sponse to reduced ABA levels and ABD1 is responsible for the

degradation of ABI5.

DISCUSSION

For plants, as sessile organisms, the UPS is an essential system

that allows the selective removal of short-lived regulatory pro-

teins, which allows plants to rapidly adapt to their environment

and to redirect growth and development (Biedermann and

Hellmann, 2011). Furthermore, plant hormones such as ABA,

auxin, ethylene, gibberellin, brassinosteroids, and jasmonic acid

also play a key role in this adaptation. The crosstalk between

these two systems is essential since most known target proteins

of the UPS are key transcriptional activators or repressors, and

modifying their half-lives seems to establish a crucial regulatory

point in hormone signaling (Smalle and Vierstra, 2004). Although

there have been several recent reports that describe the roles of

the UPS in hormonal signal transduction, it is still unclear how

many E3 ligases participate in ABA signaling and what their role

is in this pathway. Moreover, the function of DCAFs, the sub-

strate receptors for CRL4s, in ABA signal transduction is still

largely unknown.

To further understand the relationship between CRL4s and

ABA, we report the role of ABD1, a DCAF protein, which plays

a negative role regulating ABA signaling and stress responses.

ABD1 contains a WDxR motif, which is a truncated DDB1 in-

teracting motif. We identified two T-DNA insertion lines, abd1-1

and abd1-2. Loss of ABD1 results in ABA-associated pheno-

types such as ABA and salt hypersensitivity in seed germination

(Figure 2) and postgerminative growth (Figure 3B), enhanced

stomatal closure (Figures 4A and 4B), and reduced leaf water

loss (Figure 4C), which ultimately leads to enhanced drought

tolerance (Figures 4D and 4E). Furthermore, ABD1 transcripts

are also induced by ABA treatment (Figure 1C). Taken together,

these data suggest that ABD1 is a negative regulator of ABA

signaling.

Interestingly, abd1-1 and abd1-2 were found to behave dif-

ferently, which we believe is due to the location of the T-DNA

insertion mutation, which results in different phenotypes. The

abd1-1 mutation occurs at the 59 end of ABD1, while the abd1-2

mutation occurs at the 39 end of ABD1. Although we have

Figure 7. ABD1 Directly Interacts with DDB1.

(A) Interaction between ABD1 and DDB1a by yeast two-hybrid assays. Assays were performed with ABD1 protein as prey and DDB1a as bait for

monitoring their interactions. CUL4 was used as positive control, while empty vector and GFP were used as negative controls. b-Galactosidase

activities were quantified after growing yeast strains in liquid culture using o-nitrophenyl-b-D-galactopyranoside as a substrate. Values are means 6 SD

(n = 3). Statistically significant difference was determined by a Student’s t test; white stars indicate a significant difference between the empty vector as

prey (P < 0.02), and black stars indicate a significant difference between GFP as prey (P < 0.005).

(B) In vivo co-IP of ABD1 and DDB1b. Transgenic Arabidopsis plants overexpressing FLAG-tagged DDB1b with or without MYC-tagged ABD1 were

used to detect the interaction between ABD1 and DDB1b. An a-MYC affinity matrix was used for immunoprecipitation, and a-FLAG and a-MYC

antibodies were used for immunoblotting. The immunoblot used RPN6 as an internal control. Total: 5 mg of total proteins from FLAG-DDB1b and FLAG-

DDB1b; ABD1-MYC transgenic lines were loaded in each lane and were used as a control for the corresponding co-IP assays.

(C) BiFC assay showing ABD1 directly interacts with DDB1a in the nucleus. Onion (Allium cepa) epidermal cells coexpressing ABD1-YFPN and DDB1a-

YFPC fusion proteins through cobombardment. The nucleus, depicted in blue, is stained with 49,6-diamidino-2-phenylindole (DAPI). The arrows indicate

the nucleus in the merged image.
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shown by RT-PCR that both abd1-1 and abd1-2 fail to produce

full-length ABD1 transcript, in Figure 1A, we found that abd1-2

produces a truncated ABD1 transcript. It is likely that abd1-2

produces a partially functional protein, and this results in the

altered phenotypes observed in Figures 2 to 4 and 6 and

Supplemental Figure 2.

Typically, it is challenging to identify the substrate receptors

for E3 ligases, since there are thousands of potential targets.

There has been evidence that most known E3 ligase targets

are key transcriptional activators or repressors. We set out to

identify the target of ABD1 and tested the expression level of

ABA-responsive genes RD29A, RD29B, RD22, and RD20 (Figure

5; Supplemental Figure 2). Since loss of ABD1 resulted in mis-

regulation of RD29A and RD29B but not RD22 and RD20, we

tested key TFs that are known to regulate ABA-responsive

genes RD29A and RD29B but not RD22 or RD20. Although the

direct transcriptional regulation of RD20 has not been in-

vestigated, it has been suggested MYC2 activates RD20 tran-

scription due the presence of MYC2 cis-regulatory elements in

the RD20 promoter and hyperactivation of RD20 in MYC2-

overexpressing lines (Abe et al., 2003; Aubert et al., 2010).

Furthermore, it was previously reported that RD22 is trans-

activated by MYC2 (Abe et al., 2003). RD29A and RD29B are

both positively regulated by ABI5, indicating that ABI5 may be

the target substrate for ABD1. Several lines of evidence also

suggest that ABI5 is the target substrate for ABD1. We found

that loss of ABD1 is highly associated with hyperaccumulation

of ABI5 at the transcript and protein level (Figures 5E and 6) and

can specifically bind to ABI5 but not other closely related

members of the bZIP transcription family, such as ABF1 and

DPBF2 (Figure 8; Supplemental Figure 3). We found that ABD1

directly binds to all isoforms of ABI5, and this interaction occurs

in the nucleus (Figure 8). Furthermore, we found that ABI5

degradation is dependent on the 26S proteasome, the increased

stability of ABI5 observed in abd1-1 results from the decreased

degradation rate of ABI5 in abd1-1, and ABD1 is responsible for

the degradation of ABI5 (Figure 9). These observations suggest

that the ABA hypersensitivity of ABD1 loss-of-function mutants

is due to the reduced proteolysis of ABI5 caused by the hy-

peraccumulation of ABI5, resulting in upregulation of down-

stream ABA-responsive gene expression.

We cannot exclude the possibility that a portion of ABI5

protein overaccumulation observed in abd1 mutants upon ABA

treatment was due to ABI5 autoregulation (Brocard et al., 2002).

Alternatively, the increase/decrease of other positive/negative

regulators in ABA signaling, which are located upstream of ABI5,

caused from the loss of ABD1 might lead to the accumulation of

Figure 8. ABD1 Directly Interacts with ABI5.

(A) Interaction between ABD1 and ABI5 by yeast two-hybrid assays.

Assays were performed with ABD1 protein as prey and ABI5 as bait for

monitoring their interactions. Empty vector was used as a negative

control. Yeast was grown in the presence of X-Gal for 26 h, after which

images were taken.

(B) LCI assays showing that ABD1 and ABI5 interact in N. benthamiana

leaf cells. Values are means 6 SD (n = 3). Significant difference was de-

termined by a Student’s t test; single or double stars indicate P values of

<0.01 or <0.0007, respectively.

(C) In vivo co-IP of ABD1 and ABI5. Transgenic Arabidopsis plants

overexpressing MYC-tagged ABD1 were used to detect the interaction

between ABD1 and ABI5. An a-MYC affinity matrix was used for im-

munoprecipitation. a-MYC and a-ABI5 antibodies were used for immu-

noblotting. The immunoblot used RPN6 as an internal control. Control,

Col-0 wild type was used as a negative control; Total, 5 mg of total

proteins from Col-0 wild type and the ABD1-MYC transgenic line were

loaded in each lane and were used as a control for the corresponding

co-IP assays.

(D) BiFC assay showing ABD1 directly interacts with ABI5 in the nucleus.

Onion epidermal cells coexpressing ABD1-YFPN and YFPC-ABI5 fusion

proteins through cobombardment. The nucleus, depicted in blue, is

stained with 49,6-diamidino-2-phenylindole (DAPI). The arrows indicate

the nucleus in the merged image.
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ABI5. We tested the transcript levels of ABI3, a TF known to

trigger and act upstream of ABI5 after ABA treatment (Lopez-

Molina et al., 2002). In Supplemental Figure 2E, we did not find

any significant change in the transcript levels between Col-0

wild type and abd1 before and after the treatment with ABA,

indicating that ABI5 overexpression in abd1 is not a result of

ABI3 overexpression due to loss of ABD1. Additionally, when we

checked the interaction between ABD1 and ABI3 in yeast

(Supplemental Figure 3C), there was no binding activity between

the two, which implies that ABD1 does not seem to directly

modulate the stability of ABI3 protein.

Loss of ABD1 also results in drought tolerance in vegetative tis-

sue, and this observation is similar to the expression pattern of ABI5

in vegetative tissue. ABI5 expression is not seed specific, and ABI5

function is required for the full induction of some LATE EMBRYO-

GENESIS ABUNDANT genes expressed at low levels in ABA-treated

vegetative tissue. Furthermore, the ABA hypersensitivity caused by

the ectopic expression of ABI3, a TF that acts upstream of ABI5, in

vegetative tissues appears to be partially facilitated by the hyper-

induction of ABI5 expression (Finkelstein and Lynch, 2000; Lopez-

Molina et al., 2002). Moreover, histochemical studies of the ABI5

promoter activity revealed that ABI5 is expressed in vegetative

tissues (Brocard et al., 2002). In addition, ABI5 is regulated by sugar

and stress in 6-d-old seedlings, displaying that the ABI5 protein

induction in response to ABA is not restricted to a narrow de-

velopmental window and that ABI5 also plays a role in regulating

stress response (Brocard et al., 2002; Arroyo et al., 2003). In sup-

port of these studies, we also found that loss of ABD1 results in

hyperaccumulation of ABI5 protein in 7-d-old seedlings in response

to NaCl stress (Figures 6C and 6D). Although we did not monitor

ABI5 levels under drought stress in vegetative tissues, it is possible

that ABD1 could affect ABI5 levels under these conditions as well,

since loss of ABD1 results in drought tolerance. Understanding

how ABI5 levels are affected in this condition could further help

elucidate to the role of ABD1 in vegetative tissues.

Unlike other DCAF proteins described to date, ABD1 appears

to act in a pathway apart from the MYC2 ABA-responsive path-

way. DWA1, DWA2, and DWA3 all show overlapping functions

with other ABA-responsive pathways since loss of any of the

DWA proteins causes an overexpression of RD22 and hyper-

accumulation of MYC2 after ABA treatment (Lee et al., 2010,

2011). It has also been speculated that DWA1 and DWA2 are

involved in the degradation of other positive regulators in ABA

signaling pathway, such as other AREB/ABF/DPBF bZIP proteins

(Lee et al., 2010). The incomplete match of DWA1/DWA2 and

ABI5 expression profiles suggests that ABI5 degradation in vivo

may require other pathways as well. There are several examples

of differential utilization of E3 ligases to modify one substrate

depending on the physiological context (Mazzucotelli et al., 2006).

In support of this, ABD1 does not directly interact with DWA1,

DWA2, or DWA3 and has other characteristic differences (Figures

3B, 5E, and 8C; Supplemental Figure 2A), suggesting that ABD1

acts in a pathway apart from the DWA proteins.

In addition to DWA1 and DWA2, KEG was also reported as

a negative regulator of ABI5 and is a single-subunit E3 ligase (Stone

et al., 2006; Liu and Stone, 2010). KEG is a multidomain E3 ligase

that consists of a RING E3 ligase and kinase domain with a series of

ankyrin and HERC2-like repeats. Loss of KEG results in hypersen-

sitivity to ABA, hyperaccumulation of ABI5, and growth arrest im-

mediately after germination, which ultimately results in seedling

lethality (Stone et al., 2006). Moreover, it was shown that KEG

ubiquitinates ABI5 in vitro and regulates its stability. However, the

introduction of the abi5-1 mutation into keg seedlings resulted in

only a partial rescue of the early grown arrest phenotype by keg-1,

suggesting that KEG has other functions. Furthermore, both the loss

of function and the overexpression of ABI5 resulted in phenotypes

that are relatively mild, contrasting with the severe phenotype of

keg-1 (Lopez-Molina et al., 2001, 2003; Brocard et al., 2002). Re-

cently, the subcellular localization of KEG was described. KEG is

localized to the trans-Golgi network/early endosome and does not

appear to be localized to the nucleus in either Nicotiana ben-

thamiana or Arabidopsis protoplasts or stabile transgenic Arabi-

dopsis lines (Gu and Innes, 2011, 2012). KEG appears to be a key

component in regulating multiple post-Golgi trafficking events in

plants, including vacuole biogenesis, targeting of membrane-

associated proteins to the vacuole, and secretion of apoplastic

proteins (Gu and Innes, 2012). This is a surprising finding since ABI5

is constitutively localized to the nucleus (Lopez-Molina et al., 2002,

Figure 9. ABI5 Protein Degradation after ABA Removal Requires ABD1.

Immunoblot assays of ABI5 protein in Col-0 wild-type and abd1-1 seeds

that were treated with 5 µM ABA in white light for 3 d and then harvested

at the indicated times after the removal of ABA by either being washed

out with liquid medium (A) or liquid medium supplemented with the

proteasome inhibitor MG132 (50 µM) (B) or the protein synthesis inhibitor

CHX (100 µM) (C). A total of 10 µg was used in each lane. RPN6 was

used as a loading control. Experiments were repeated three times with

similar results.
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2003). A recent study suggests that ABI5 is continually shuttled

between the nucleus and the cytoplasm and that ABI5 and KEG

directly interact in the cytoplasm. The authors hypothesize that the

KEG-dependent turnover of ABI5 within the cytoplasm occurs in

the absence of ABA. In response to ABA, KEG self-ubiquitinated

and is degraded, while ABI5 is activated by phosphorylation. When

ABI5 is no longer required, ABI5 is then degraded by other E3s (Liu

and Stone, 2013). It is likely that ABD1, DWA1, DWA2, and KEG

work in concert to modulate ABI5 stability.

Interestingly, ABD1 interacts strongly with the two pre-

dominate isoforms of ABI5 in in vivo co-IP experiments. More-

over, previous in vivo co-IP experiments reveal that CUL4 is also

able to interact strongly with the two predominate isoforms of

ABI5 (Lee et al., 2010). By contrast, DWA1 and DWA2 only in-

teract with the slower migrating form of ABI5 in vivo (Lee et al.,

2010). It is unclear what these isoforms represent, since ABI5

undergoes multiple posttranslational modifications and to date

the nature of this banding pattern in immunoblot analyses is

uncertain (Lopez-Molina et al., 2001, 2002; Stone et al., 2006;

Miura et al., 2009). It was previously reported that the banding

pattern of ABI5 represented different phosphorylation statuses,

but there are conflicting reports stating that treatment with

protein phosphatase modifies the mobility of ABI5 (Lopez-Molina

et al., 2001; Stone et al., 2006; Piskurewicz et al., 2008). The

multiple isoforms of ABI5 are only observed during the expres-

sion of native ABI5, while overexpression lines with HA-tagged

ABI5 only display one isoform whose size can be modified by

phosphorylation/dephosphorylation (Piskurewicz et al., 2008).

Furthermore, immunoblot analyses of FyPP1 and FyPP2, two

type 2C protein phosphatases that play a key role in promoting

dephosphorylation and subsequent degradation of ABI5, reveal

no difference in ABI5 banding patterns in immunoblot assays in

either overexpression or loss-of-function lines of FyPP1 and

FyPP2 (Dai et al., 2013). Why plants have evolved two sets of E3

ligases to target different forms of ABI5 is also unclear. Based on

the binding difference of DWA1/2 and ABD1 with ABI5 (Lee

et al., 2010; Figures 8A and 8C), it seems that ABD1 influences

the stability of all ABI5 isoforms, while DWA1/2 only affect the

slow migrating form of ABI5.

Overall, our work raises several questions for future in-

vestigation. Several regulators, such as KEG, DWA1, DWA2, and

ABD1, are responsible for the regulation of ABI5 stability. Further

examination of the co-IP pattern of ABI5 with CUL4 in specific

genetic backgrounds, such as dwa1, dwa2, abd1, and keg,

could help elucidate a detailed mode of action of each regulator

in ABI5-mediated ABA signaling. Furthermore, how many E3 li-

gases influence the stability of ABI5? Further investigation of

these E3 ligases will likely provide novel insights into how

CRL4’s negatively regulate the ABI5 signaling pathway. In

summary, ABD1 is involved in regulating ABA and stress re-

sponses during multiple stages of plant growth and development.

In our study, we propose that when ABI5 is no longer needed or

its levels need to be reduced, such as after stress or ABA removal,

ABI5, including phosphorylated ABI5, is recognized by the ABD1-

DDB1-CUL4 E3 ligase in the nucleus, which targets ABI5 for

degradation. This event indirectly causes reduced transcription of

ABI5 due to the lower amounts of ABI5 available to activate ABI5

transcription.

METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana ecotype Col-0 was used in this study. The abd1-1

(SALK_051074) and abd1-2 (SAIL_648_G02) T-DNA insertion mutants

were obtained from the ABRC (http://www.arabidopsis.org/). Oligonu-

cleotide sequences of the primer pairs used for genotyping analysis of

T-DNA insertion mutants are shown in Supplemental Table 1. FLAG-

DDB1b transgenic lines were the same ones as those from Lee et al.

(2008). Arabidopsis seedlings were grown as described previously (Lee

et al., 2008, 2010). For the assays shown in Figures 3A and 3B, all

seedlings were germinated and grown vertically on 13 MS plates with or

without 0.5 mM ABA (Sigma-Aldrich) or 100 mM NaCl for 7 d after

stratification under continuous white light in a controlled-environment

chamber at 22°C or grown for 3 d under continuous white light and then

the seedlings were transferred onto fresh MS plates with or without 5 mM

ABA and grown for an additional 5 d under continuous white light. For

adult plants, 2-week-old seedlings grown on MS plates were transferred

to soil and kept under long-day conditions (16 h light/8 h dark) in

a controlled environment chamber at 22°C. For the assays shown in

Figure 9, Col-0 wild-type and abd1-1 seeds were grown onMS plates with

5 µM ABA in white light for 3 d. Seeds were washed two times with liquid

MS medium and transferred to either liquid MS medium, liquid MS me-

dium supplemented with 50 µM MG132 (Sigma-Aldrich), or liquid MS

medium supplemented with 100 µM CHX (Sigma-Aldrich) and harvested

at the indicated times after the removal of ABA. To minimize the effect of

harvesting time on seed germination, all seed batches compared in this

study were harvested on the same day from plants grown in the same

growth chamber with identical environmental conditions.

Generation of FLAG-DDB1b;ABD1-MYC Transgenic

Arabidopsis Plants

ABD1 cDNAwas amplified using cDNA synthesized from total mRNA from

Arabidopsis leaves and was cloned into the SpeI site of the binary vector,

pMYC-fused pJIM19 (gentamycin) (Lee et al., 2010). The resulting ABD1-

MYC construct was introduced into FLAG-DDB1b;ddb1a plants by

Agrobacterium tumefaciens strain GV3101–mediated transformation using

the floral dip method (Clough and Bent, 1998).

Stomatal Aperture Analysis

Stomatal bioassay experiments were performed as previously described

(Li et al., 2011). To study the promotion of stomatal closure by ABA, leaves

from 4-week-old plants grown in the same conditions described above

were harvested in darkness at the end of the night. Paradermal sections of

abaxial epidermis obtained were incubated in stomatal opening solution

containing 50 mM KCl, 10 mM CaCl2, and 10 mM MES-KOH, pH 6.15, at

22 to 25°C and blocked from light for 2.5 h. Subsequently, 50 mM ABA

was added to the solution, and the samples were exposed to light for

2.5 h. After treatment, stomatal apertures (the length and width of the

stomata) were measured with a LSM 510 Meta confocal laser scanning

microscope (Carl Zeiss). The apertures of 30 stomata were measured in

three independent experiments according to Roelfsema and Prins (1995).

Drought Stress

Seeds were germinated and grown onMS plates for 7 d under continuous

white light in a controlled-environment growth chamber. The seedlings

were then transferred into soil and grown in long-day (16 h light/8 h dark)

conditions in a growth chamber side by side for 3 weeks with identical

environmental conditions. Drought stress was initiated by withholding
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watering for 12 d, and then the plants were tested for survival 1 d after

rewatering. All experiments were performed in triplicate and represen-

tative results are shown.

Determination of Water Loss

Analysis of water loss was performed as previously described (Cheong

et al., 2007). Briefly, three rosette leaves per plant were detached from

3-week-old wild-type and abd1 mutant plants. The leaves were kept on

the laboratory bench for a total of 7 h. After every hour, their fresh weights

were measured. Water loss represents the percentage of weight loss at

the indicated time versus initial fresh weight. To minimize variation, three

independent experiments were performed, and similar results were ob-

tained.

RNA Isolation, RT-PCR, and Quantitative PCR Analysis

Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen) and

reverse transcribed via the SuperScript II reverse transcriptase (Invitrogen)

according to the manufacturer’s instructions. RT-PCR was performed as

described by Lee et al. (2008). Quantitative PCR was performed using

50 ng of cDNA in each reaction with the SYBR Green PCR Master Mix

(Applied Biosystems) according to the manufacturer’s instructions using

the CFX96 real-time PCR detection system (Bio-Rad). Relative amounts

of transcripts were calculated using the comparative cycle threshold

method, which was normalized to ACTIN2 expression from the same

sample. All quantitative PCR experiments were independently performed

in triplicate. The primers for RT-PCR and quantitative PCR are shown in

Supplemental Tables 1 and 2, respectively.

Protein Isolation and Immunoblot Analysis

Proteinswere isolated with the extraction buffer containing 50mMTris-Cl,

pH 7.5, 150 mM NaCl, 1 mM PMSF, 13 Complete protease inhibitor

cocktail (Roche), 5% glycerol, 1 mM EDTA, and 1mMDTT. Yeast proteins

were extracted using the Y-PER yeast protein extraction reagent (Thermo

Scientific) according to the manufacturer’s instructions with 13Complete

protease inhibitor cocktail (Roche). Protein concentration was determined

by the Bradford assay following themanufacturer’s instructions (Bio-Rad).

The samples were mixed with 23 SDS sample buffer and boiled for 3 min

and then separated on a 10% SDS protein gel. The membrane transfer

and protein gel blot assays were performed as described previously (Lee

et al., 2010). Subsequent immunoblot assays were performed with anti-

ABI5 (Abcam) and anti-RPN6 (Chen et al., 2006) antibodies at dilutions of

1:4000 and 1:500, respectively. For Supplemental Figure 3, anti-LexA

(Sigma-Aldrich) antibodies were used at a 1:3000 dilution.

In Vivo Pull-Down Assay

Arabidopsis tissue was homogenized in 50 mM Tris-Cl, pH 7.5, 150 mM

NaCl, 1 mM PMSF, 13 Complete protease inhibitor cocktail (Roche), 5%

glycerol, 1 mM EDTA, and 1mMDTT. The extracts were centrifuged twice

at 13,000g for 10 min, and the protein concentration in the supernatant

was determined by Bradford assay (Bio-Rad). For co-IP, 2 mg of total

protein was incubated for 4 h at 4°C with 30 mL of anti-MYC monoclonal

antibodies immobilized on Sepharose Fast Flow beads (Covance). The

precipitated samples were washed at least four times with the protein

extraction buffer and then eluted by the addition of 23 SDS protein

loading buffer with boiling for 5 min. Subsequent immunoblot assays were

performed with anti-FLAG (Sigma-Aldrich), anti-MYC (Cell Signaling),

anti-CUL4 (Chen et al., 2006), anti-RPN6 (Chen et al., 2006), or anti-ABI5

(Abcam) antibodies at dilutions of 1:2000, 1:1000, 1:1000, 1:500, and

1:4000, respectively.

LCI

For LCI assays, full-length coding DNA sequence (CDS) of ABI5 and

ABD1were amplified by PCR (Supplemental Table 3) and inserted into the

KpnI sites of pCAMBIA133-cLUC and nLUC vectors (Chen et al., 2008).

The LCI assays were performed as previously described (Chen et al.,

2008). Briefly, various nLUC and cLUC fusion vectors were transformed

into the Agrobacterium strain GV2260. Young Nicotiana benthamiana

leaves were infiltrated with equal amounts of the appropriate bacterial

strains, mixed pairwise. After infiltration, the plants were incubated in

constant light at room temperature for 3 d before analysis. The luciferase

activity was then determined using a Xenogen IVIS Spectrum imaging

system and quantified with Living Image software (Caliper).

Yeast Two-Hybrid Assay

Full-length CDS of ABD1was cloned into the EcoRI site of pB42AD vector

(Clontech). Full-length CDS of ABI5, DWA1, and DWA3 were cloned into

the EcoRI site of pLexA vector (Clontech), CDS of AREB1 and AREB2

were cloned into EcoRI-NotI sites of pLexA vector, CDS of ABF1, DPBF2,

AREB3, and ABI3were cloned into BamHI and NotI sites of pLexA vector,

and the CDS of DWA2 was cloned into the XhoI site of pLexA vector

(Supplemental Table 4). pLexA-DDB1a, pB42AD-CUL4, and pB42AD-

GFP were previously described (Lee et al., 2008). Yeast two-hybrid assay

was performed according to the Matchmaker LexA Two-Hybrid System

manual (Clontech). Briefly, all constructs were cotransformed into yeast

strain EGY48 containing p80p-LacZ. Transformants were selected by

growth on SD/-His/-Trp/-Ura plates prior to X-Gal selection. An interaction

between twoproteinswas quantified bymeasuringb-galactosidase activity

in liquid culture using o-nitrophenyl-b-D-galactopyranoside (Sigma-Al-

drich) as a substrate.

BiFC

Full-length CDS of ABD1, ABI5, and DDB1a were amplified by PCR

(Supplemental Table 5) and subsequently cloned into the NotI site of

pSY728 vector, the BamHI site of pSY735 vector, and the NotI site of

pSY738 vector, respectively (Bracha-Drori et al., 2004). Pairwise com-

binations as indicated in Figures 7C and 8Dwere cobombarded into onion

(Allium cepa) epidermal cells as previously described (Shen et al., 2009).

Yellow fluorescent protein fluorescence was visualized by a LSM 510

Meta confocal laser scanning microscope (Carl Zeiss).

Protein Sequence Alignment

ABD1 homologs were identified from GenBank using the protein basic

local alignment search tool (BLASTp) (http://www.ncbi.nlm.nih.gov/

BLAST/). Sequence alignment was performed by the Clustal Omega

method. Alignment shading was performed using GeneDoc 3.2.0 soft-

ware (http://www.nrbsc.org/gfx/genedoc/index.html).

Accession Numbers

Sequence data from this study can be found in the Arabidopsis Genome

Initiative database under the following accession numbers: At4g38480

(ABD1), At2g19430 (DWA1), At1g76260 (DWA2), At1g61210 (DWA3),

At5g46210 (CUL4), At4g05420 (DDB1a), At4g21100 (DDB1b), At2g36270

(ABI5), At1g49720 (ABF1), At3g44460 (DPBF2), At1g45249 (AREB1),

At3g19290 (AREB2), At3g56850 (AREB3), At3g24650 (ABI3), At5g52310

(RD29A), At5g52300 (RD29B), At5g25610 (RD22), At2g33380 (RD20),

At3g18780 (ACTIN2), and At1g29150 (RPN6). Sequence data for the

ABD1 homologs used in the phylogenetic analysis were obtained from the

GenBank database with the following accession numbers: NP_056541

(human), NP_705783 (mouse), and NP_001065201 (rice).
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Supplemental Data

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

Supplemental Figure 1. Protein Alignment of ABD1 from Other Model

Organisms.

Supplemental Figure 2. abd1-1 and abd1-2 Seedlings Have No

Change in Expression of RD20 and RD22 after ABA and NaCl

Treatment.

Supplemental Figure 3. ABD1 Does Not Directly Interact with DWA

Proteins, ABI5 Homologs, or ABI3 by Yeast Two-Hybrid Assays.

Supplemental Figure 4. Quantification of ABI5 Protein Degradation

after ABA Removal.

Supplemental Table 1. List of Primers Used for Genotyping and

RT-PCR Analysis.

Supplemental Table 2. List of Primers Used in Quantitative Real-Time

PCR Analysis.

Supplemental Table 3. List of Primers Used for LCI Analysis.

Supplemental Table 4. List of Primers Used for Yeast Two-Hybrid

Analysis.

Supplemental Table 5. List of Primers Used for BiFC Assay.
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