
Abscisic Acid Increases Arabidopsis ABI5 Transcription Factor
Levels by Promoting KEG E3 Ligase Self-Ubiquitination and
Proteasomal Degradation W OA

Hongxia Liu and Sophia L. Stone1

Department of Biology, Dalhousie University, Halifax, Nova Scotia, Canada B3H 4R2

The Arabidopsis thaliana RING-type E3 ligase KEEP ON GOING (KEG) is a negative regulator of abscisic acid (ABA)

signaling. Seedlings homozygous for T-DNA insertions in KEG accumulate high levels of the ABA-responsive transcription

factor ABSCISIC ACID-INSENSITIVE5 (ABI5). Here, we demonstrate that KEG E3 ligase activity is required for the regulation

of ABI5 abundance. KEG ubiquitinates ABI5 in vitro, and a functional KEG RING domain is required to restore the levels of

ABI5 in keg-1 to that of the wild type. Overexpression of KEG leads to ABA insensitivity, which correlates with KEG protein

levels. In the presence of ABA, ABI5 levels increase drastically via a decrease in ubiquitin-meditated proteasomal

degradation. Our results indicate that ABA promotes ABI5 accumulation by inducing the ubiquitination and proteasomal

degradation of KEG. A functional RING domain is required for the ABA-induced degradation of KEG, suggesting that the

loss is due to self-ubiquitination. Mutations within KEG’s kinase domain or treatments with kinase inhibitors prohibit the

ABA-induced ubiquitination and degradation of KEG, indicating that phosphorylation, possibly self-phosphorylation, is

involved in the ABA regulation of KEG protein levels. We discuss a model for how ABA may negatively regulate KEG protein

abundance, leading to accumulation of ABI5 and ABA-dependent cellular responses.

INTRODUCTION

Posttranslational regulation of protein abundance by ubiquitina-

tion and subsequent degradation by the 26S proteasome is itself

a highly regulated process essential for proper growth and

development of all eukaryotes. In the ubiquitination pathway,

abnormal and short-lived proteins are modified by the covalent

attachment of polymeric ubiquitin chains onto one or more Lys

residues. Ubiquitination is catalyzed by the sequential action of

three enzymes: E1 (ubiquitin activating), which activates ubiqui-

tin molecules; E2 (ubiquitin conjugating), which accepts the

activated ubiquitin from the E1, thus forming an E2-ubiquitin

intermediate; and E3 (ubiquitin ligase), which facilitates the

transfer of ubiquitin from the E2-ubiquitin intermediate to the

target protein. As the substrate recruiting enzymes, E3 ligases

confer specificity to the ubiquitination pathway (Vierstra, 2009).

The importance of the ubiquitination pathway is reflected in the

abundance of ubiquitination enzymes found in eukaryotic ge-

nomes. The majority of ubiquitination enzymes are E3 ligases, a

large portion of which are the Really InterestingNewGene (RING)

type. TheArabidopsis thaliana genome encodes for;470 RING-

type E3 ligases (Stone et al., 2005). RING-type E3 enzymes have

been shown to play important roles in various plant hormone

signaling pathways (Hoecker, 2005; Zeng et al., 2006; Dreher and

Callis, 2007; Stone and Callis, 2007), including abscisic acid

(ABA) signaling, which regulates developmental and physiolog-

ical processes in plants, including seed dormancy and germina-

tion, seedling growth, as well as mediating many abiotic stress

responses (Finkelstein et al., 2002). The RING E3 ligase ABI3-

INTERACTING PROTEIN2 (AIP2) serves as a negative regulator

of ABA signaling by targeting ABSCISIC ACID-INSENSITIVE3

(ABI3) for degradation (Zhang et al., 2005). SALT- AND

DROUGHT-INDUCED RING FINGER1 acts upstream of ABI3

and ABI5 in ABA signaling and regulates plant responses to

drought and salt stresses (Zhang et al., 2007). RING E3 ligase

RING-H2 protein RHA2a regulates ABA-mediated control of seed

germination and early seedling development (Bu et al., 2009).

ABI5, a basic domain/leucine zipper (bZIP) transcription fac-

tor, has been shown to be essential for the execution of ABA-

dependent postgerminative growth arrest (Finkelstein, 1994;

Lopez-Molina et al., 2001). The efficiency of the postgerminative

ABA-dependent growth arrest is dependent on ABI5 protein

accumulation through transcriptional activation and enhanced

protein stability (Lopez-Molina et al., 2001; Brocard et al., 2002).

KEEP ON GOING (KEG), a multidomain ubiquitin E3 ligase, has

been reported to regulate ABI5 levels (Stone et al., 2006). KEG

protein consists of a RING and kinase domain followed by a

series of ankyrin and HERC2-like repeats, both of which may

function as substrate binding modules. Seedlings homozygous

for T-DNA insertions in KEG undergo growth arrest immediately

after germination, suggestive of increased ABA signaling (Stone

et al., 2006). The ability of KEG to interact with ABI5 in vitro, the

extremely high levels of ABI5 protein present in keg seedlings,

and the ability of abi5-1 mutants to rescue partially the early

growtharrest phenotype conferredby keg-1, all support the notion

that KEG is required to maintain low levels of ABI5 in the absence
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of ABA (Stone et al., 2006). However, one of the outstanding

questions that remain to be addressed is how ABA signaling

regulates KEG activity to promote the accumulation of ABI5.

Although it is well accepted that E3 ligases play an essential role

in hormone signal transduction pathways (Stone and Callis, 2007),

it is less well understood how these E3s are regulated in response

to changing levels of the hormone. Generally, the activity of E3

ligases can be controlled posttranslationally by covalent modifi-

cations, such as phosphorylation or conjugation with ubiquitin-

like proteins, by noncovalent binding of protein or small-molecule

ligands, or by competition among substrates (Deshaies and

Joazeiro, 2009). For example, a previously undiscovered mode

of E3 regulation by small molecules has been unraveled in plants.

The plant hormone auxin fills a cavity in the substrate binding site

of its receptor protein, the F-box protein TIR1, thereby creating

additional molecular surface to stabilize the binding of TIR1

substrates and increase substrate degradation (Tan et al., 2007).

Jasmonoyl-isoleucine, binding to ubiquitin E3 ligase SCFCOI1

(COI1 as the F-box component of Skp/Cullin/F-box E3 complex),

promotes SCFCOI1 interaction with JAZ transcriptional repressors,

leading to their ubiquitination and degradation by the 26S protea-

some (Thines et al., 2007; Staswick, 2008). Another interesting

example is FBXL5, an F-box protein that targets the iron regulatory

protein IRP2 required for maintaining iron homeostasis for pro-

teasomal degradation. Accumulation of FBXL5 is itself regulated

by iron levels (Salahudeen et al., 2009; Vashisht et al., 2009).

FBXL5 is degraded upon iron depletion and accumulates when

iron binds to its hemerythrin domain (Salahudeen et al., 2009).

A notable feature of RING-type ubiquitin ligase is that the

enzymatic activity of the E3 ligase can be monitored through

autoubiquitination in vitro (Lorick et al., 1999; Joazeiro and

Weissman, 2000), suggesting that the ability to autoubiquitinate

is a fundamental feature of a ubiquitin ligase. Whereas many

RING E3s have been shown to be ubiquitinated both in vivo and

in vitro, often by an autocatalytic process, the physiological

consequences are less well characterized. For example, the

RING-type E3 ligase Mdm2 regulates its own stability via self-

ubiquitination, and this leads to the activation of its target p53

(Fang et al., 2000; Honda and Yasuda, 2000). Autocatalytic

ubiquitination could be a simple consequence of E3 activity

with no functional impact. Alternatively, it could lead to down-

regulation of E3 activity owing to degradation by the proteasome

and subsequent stabilization of its substrates (Deshaies and

Joazeiro, 2009).

In this study, we demonstrate that KEG E3 ligase is post-

translationally modified by ubiquitination and phosphorylation

in vivo. In addition, we demonstrate that ABA promotes the

autoubiquitination of KEG, leading to KEG protein degradation

by the 26S proteasome and ABI5 protein accumulation, which in

turn mediate early seedling growth arrest.

RESULTS

Rescue of keg’s Growth Arrest Phenotype Requires KEG E3

Ligase Activity

KEG contains a functional RING E3 ligase and kinase domain,

allowing KEG to posttranslationally modify and regulate protein

activity via ubiquitination and phosphorylation, respectively

(Stone et al., 2006). KEG loss-of-function seedlings accumulate

the ABA-responsive transcription factor ABI5, whose accumu-

lation contributes to the early seedling growth arrest phenotype

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

we speculated that the RING domain is essential for KEG

function during ABA signaling. To test this hypothesis, comple-

mentation experiments were performed using wild-type KEG

and KEG harboring mutations within the RING domain that have

been previously shown to disrupt E3 ligase activity (Stone et al.,

2006). Metal ligand binding residues Cys-29 and His-31 were

changed to Ala (KEGAA) (see Supplemental Figure 1A online). We

constructed transgenic plants expressing the full-length KEG

and KEGAA cDNA fused to the Hemagglutinin (HA)-epitope tag

under the control of cauliflower mosaic virus (CaMV) 35S pro-

moter in the keg-1 homozygous background. As the keg-1 ho-

mozygous plants do not survive beyond the seedling stage,

heterozygous plants,KEG/keg-1, were used for transformations.

F1 generation plants were genotyped to obtain plants homozy-

gous for keg-1 with 35S:HA-KEG (keg-1/35S:HA-KEG). F3 gen-

eration plants homozygous for both keg-1 and 35S:HA-KEG

were identified and used for all analysis. As controls, wild-type

Arabidopsis ecotype Columbia-0 (Col-0) plants carrying the

empty transformation vector were also produced. At least three

independent transgenic lines for each construct were obtained

and analyzed for phenotype.

The keg-1 mutant phenotype was fully rescued by the full-

length wild-type KEG (Figure 1A). No obvious differences were

observed between keg-1/35S:HA-KEG transgenic plants and

control plants onMurashige and Skoog (MS) growthmedium or

in soil (Figure 1A). As shown previously, keg-1 mutants of the

same age on MS growth medium displayed a strong post-

germinative growth arrest (Figure 1A; Stone et al., 2006). When

the F2 population of KEG/keg-1 heterozygous plants harboring

the 35S:HA-KEGAA transgene was allowed to grow on MS

growth medium for 7 d, we found a new phenotype that was

milder than keg-1 (Figure 1A). Compared with keg-1, keg-1/

35S:HA-KEGAA plants showed green cotyledons and devel-

oped true leaves at 7 d old.When transferred to soil, keg-1/35S:

HA-KEGAA plants developed further and produced additional

true leaves; however, they were much smaller than control

plants and were sterile (Figure 1A). All plants used were

confirmed via PCR to be homozygous for the keg-1 mutation,

and immunoblotting using HA antibodies was used to detect

expression of the transgene, 35S:HA-KEG or 35S:HA-KEGAA

(Figure 1B). The results from the phenotypic analysis thus show

that full rescue of the keg-1 phenotype requires a functional

RING domain.

Degradation of ABI5 Requires a Functional KEG

RING Domain

Postgerminative growth arrest induced by ABA treatment coin-

cideswith increases inABI5mRNAandprotein, implying thatABI5

is the causal agent of this arrest (Lopez-Molina et al., 2001, 2002).

keg-1 seedlings undergoing postgerminative growth arrest con-

tain very high levels of ABI5 protein even without ABA treatment.

Several lines of evidence indicate that KEG is responsible for
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the degradation of ABI5 protein at the posttranscriptional level

(Stone et al., 2006). We found that the ABI5 protein level in keg-1/

35S:HA-KEG transgenic plants was similar to that of the control

plants, which was barely detectable without exogenous ABA

(Figure 1C). By contrast, the ABI5 protein level in keg-1 mutant

plants was extremely high. Compared with keg-1, the level of

ABI5 protein detected in keg-1/35S:HA-KEGAA was reduced to

some extent but still much higher than in keg-1/35S:HA-KEG and

control plants (Figure 1C). The slight decrease of ABI5 protein

level observed for keg-1/35S:HA-KEGAA could account for the

partial rescue of the keg-1 mutant phenotype by the 35S:HA-

KEGAA transgene (Figures 1A and 1C). Multiple forms of ABI5

were observed for keg-1/35S:HA-KEGAA, which is consistent

with previous results where two forms of ABI5 were also

detected for keg-1 (Figure 1C; Stone et al., 2006). The extremely

high levels of ABI5 in keg-1make clearly resolving the two bands

for ABI5 difficult (Figure 1C). Unlike keg-1, in which the two forms

of ABI5 are usually similar in abundance, the level of the slower

migrating form of ABI5 (open arrow) for keg-1/35S:HA-KEGAA

was much lower than that of the faster migrating form of ABI5

(closed arrow; Figure 1C). These results further confirm that KEG

E3 ligase activity is required tomaintain low levels of ABI5 protein

in the absence of ABA.

The accumulation of ABI5 protein in keg-1 plants even in the

absence of exogenous ABA strongly suggested that KEG is

responsible for catalyzing ABI5 ubiquitination. To determine

Figure 1. Rescue of Growth Arrest and ABI5 Protein Level in the keg-1 Mutants.

(A)Growth of transgenic plants, control (empty transformation vector in Col-0 background), keg-1 (data not shown for the plants in soil), keg-1/35S:HA-

KEG (35S:HA-KEG in keg-1 background), and keg-1/35S:HA-KEGAA (RINGmutant 35S:HA-KEGAA in keg-1 background) plants onMSmedium (7 d old,

top panel) and in soil (4 weeks old, bottom panel).

(B) Level of HA-KEG in transgenic plants as determined by immunoblot analysis using anti-HA antibody (top panel). Coomassie blue staining was used

to confirm equal loading (middle panel). PCR was used to confirm presence of the T-DNA insertion and homozygosity of the keg-1 mutation (bottom

panel). Gene-specific primers were used for the wild-type allele (lane 1) and in combination with T-DNA–specific primers for the mutant allele (lanes 2

to 4).

(C) Levels of ABI5 protein in 7-d-old keg-1, control, keg-1/35S:HA-KEG, and keg-1/35S:HA-KEGAA seedlings as detected by ABI5 antibodies (top

panel). Arrowheads indicate the different forms of ABI5. Coomassie blue staining shows levels of loading in each lane (bottom panel).

(D) GST-KEG (E3) is capable of ubiquitinating Flag-ABI5 in vitro in the presence of yeast E1 and Arabidopsis UBC8 (an E2). Omission of GST-KEG,

UBC8, or ubiquitin (Ub) from the ubiquitination assay abolishes Flag-ABI5 ubiquitination. KEG with a mutant RING domain, GST-KEGAA, does not

ubiquitinate Flag-ABI5. GST protein was use as control. Asterisk indicates a nonspecific band. IB, immunoblot.

2632 The Plant Cell



whether KEG could directly ubiquitinate ABI5, in vitro ubiquiti-

nation assays were performed using glutathione S-transferase

tagged KEG (GST-KEG) and Flag-tagged ABI5 (Flag-ABI5). Due

to the large size of the full-length KEGprotein (;180 kD), only the

RING and kinase domains of KEG was used to produce the

recombinant GST-KEG protein. In the presence of yeast E1 and

Arabidopsis UBC8 (an E2), GST-KEG can catalyze the ubiquiti-

nation of Flag-ABI5 as evident by the higher molecular mass

forms of ABI5 detected using Flag antibodies (Figure 1D). The

higher molecular mass forms of Flag-ABI5 were not observed

when GST-KEG, UBC8, or ubiquitin was omitted from the

ubiquitination assays (Figure 1D). Polyubiquitination of ABI5 did

not occur when KEG with a nonfunctional RING domain (GST-

KEGAA) was used in the assays (Figure 1D), indicating that ABI5

polyubiquitination in vitro is dependent on the integrity of KEG’s

RING domain.

Overexpression of KEG Renders Plant Insensitive

to ABA and Salt

The function of KEG during ABA signaling was further investi-

gated by analysis of KEG-overexpression phenotypes. KEG

mutants are hypersensitive to exogenous ABA, which can be

attributed to the accumulation of ABI5 (Stone et al., 2006).

Overexpression of KEG should have the opposite effect, render-

ing the plant insensitive to ABA and other ABA-related abiotic

stresses, such as high salinity. To determine if this is the case, we

constructed transgenic plants expressing the full-length wild-

type KEG cDNA fused to the HA-epitope tag under the control of

CaMV 35S promoter in wild-type Col-0 background (Col-0/35S:

HA-KEG). Wild type Col-0 plants transformed with an empty

transformation vector were used as controls. Three independent

transgenic lines were used to test ABA sensitivity (Figure 2A). All

control plants showed inhibition of cotyledon greening and

expansion on MS medium supplemented with 0.5 mM ABA

(Figure 2A). By contrast, the KEG-overexpressing lines (Col-0/

35S:HA-KEG) showed cotyledon greening and expansion on

medium containing 0.5 mM ABA (Figure 2A). The level of ABA

insensitivity correlated with the level of HA-KEG protein detected

in each of the three lines (Figures 2A and 2B). For example, HA-

KEG was barely detectable in line 1, and the ABA sensitivity of

this line was very similar to that of the control. By contrast, lines 2

and 3 displayed high levels of HA-KEG andwere less sensitive to

the inhibitory effects of ABA on cotyledon greening and expan-

sion. Salt treatments result in a rapid accumulation of ABI5

protein, and the abi5mutant shows salt insensitivity, suggesting

that ABI5 mediates transduction of the stress-responsive signal

in plants (Lopez-Molina et al., 2001). Therefore, we examined the

response of KEG-overexpressing plants to salt stress. Col-0/

35S:HA-KEG (line 3), and control transgenic plants were grown

on MS growth medium with or without 100 mM sodium chloride

(NaCl) for 5 d (Figure 2C). The growth of the control transgenic

plants was strongly inhibited; however, KEG-overexpressing

transgenic plants of the same age showed cotyledon green-

ing and expansion (Figure 2C). These results are consistent

with those from ABI5 mutant plants, which are insensitive to

ABA, and further confirm KEG’s role in regulating ABA-mediated

responses.

ABA Promotes KEG Degradation via the

Ubiquitin-Dependent 26S Proteasome Pathway

ABA promotes ABI5 protein stabilization and accumulation

(Lopez-Molina et al., 2001). Therefore, we presumed that ABA

may inhibit KEG activity, allowing ABI5 levels to increase. One

way in which ABA may prevent the ubiquitination and

Figure 2. Effects of KEG Overexpression on ABA and Salt Sensitivity.

(A) Three independent lines of Col-0/35S:HA-KEG and control trans-

genic plants were grown for 7 d on MS medium with or without 0.5

mM ABA.

(B) Levels of HA-KEG fusion protein in Col-0/35S:HA-KEG transgenic

lines grown for 7 d on MS medium (top panel). Coomassie blue staining

confirms equal loading (bottom panel).

(C) Phenotype of Col-0/35S:HA-KEG transgenic and control plants

germinated and grown for 5 d on MS growth medium with (bottom

panel) or without (top panel) 100 mM NaCl. Line #3 shown in (A) and (B)

were used.
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degradation of ABI5 is to promote the degradation of KEG. To

determine if ABA regulates KEG protein stability, keg-1/35S:HA-

KEG transgenic seedlings were treated with ABA and the levels

of HA-KEG were observed. Eight-day-old keg-1/35S:HA-KEG

seedlings were pretreated with the protein synthesis inhibitor

cycloheximide before addition of ABA. KEG protein levels at

different time points were detected with HA antibodies. As

shown in Figure 3A, the KEG protein level was reduced slightly

without ABA treatment and decreased much more rapidly upon

ABA treatment. These results suggest that ABA regulates KEG

activity through modulating KEG protein abundance.

To determine whether KEG protein is degraded via the

ubiquitin-proteasome pathway, keg-1/35S:HA-KEG transgenic

seedlings were pretreated with the proteasome inhibitor MG132

(Joo et al., 2008) or DMSO (control treatment). Protein synthesis

was blocked by treatment with cycloheximide before addition of

ABA. As expected, DMSO did not affect KEG protein degrada-

tionmediated by ABA. However, MG132 inhibited KEG degrada-

tion (Figure 3B), suggesting that the ABA-induced KEG protein

degradation is dependent on the 26S proteasome pathway.

To confirm further that the ABA-induced degradation of KEG is

mediated by ubiquitin-dependent proteasomal degradation, HA-

KEG protein was isolated from control or keg-1/35S:HA-KEG

transgenic seedlings treatedwith ABA in the presence ofMG132,

and the level of HA-KEG ubiquitination was determined using HA

and ubiquitin antibodies (Figure 3C). Without ABA treatment, a

low level of ubiquitinated HA-KEG was observed, as evidenced

by the higher molecular mass forms of HA-KEG detected using

HA antibodies. This correlates with the slow loss of HA-KEG

observed in the absence of ABA (Figure 3A). Addition of exog-

enous ABA greatly increased the level of polyubiquitinated HA-

KEG (Figure 3C). The modified form of HA-KEG protein was

further confirmed by ubiquitin antibodies, which recognizes only

ubiquitinatedHA-KEG. As show in the bottompanel of Figure 3C,

ubiquitin antibodies detected the higher molecular mass smear

of HA-KEG observed following ABA treatment, consistent with

the anti-HA blot, but the unmodified HA-KEG could not be

detected by ubiquitin antibodies. These results demonstrate that

ABA promotes the ubiquitination of KEG and provide further

evidence for ABA regulation of KEG protein abundance.

ABA-Induced KEG Degradation Requires a Functional KEG

RING Domain

Self-ubiquitination may represent an important mechanism by

which E3 ligases regulate their stability. Given that KEG is

capable of self-ubiquitination in vitro, which depends upon the

presence of a functional RING domain (Stone et al., 2006), we

Figure 3. ABA Promotes KEG Degradation via the Ubiquitin-Dependent 26S Proteasome Pathway.

(A) Eight-day-old keg-1/35:HA-KEG seedlings were incubated in liquid MS medium supplemented with 500 mM cycloheximide (CHX) followed by

treatment with or without 50 mM ABA for the indicated amounts of time. The levels of HA-KEG at each time point were determined by immunoblot with

HA antibody (top panel). Coomassie blue staining shows levels of loading in each lane (bottom panel).

(B) Eight-day-old keg-1/35:HA-KEG seedlings were treated with 500 mM CHX and the proteasome inhibitor MG132 (30 mM) or DMSO (control) before

treatment with 50 mM ABA for the indicated amounts of time. The levels of HA-KEG protein at indicated time points were determined in the total protein

extracts by immunoblot with HA antibody (top panel). Coomassie blue staining shows levels of loading in each lane (bottom panel).

(C) Eight-day-old control and keg-1/35S:HA-KEG seedlings were treated with MG132 followed treatment with (+) or without (�) 50 mM ABA for 9 h. HA-

KEG was isolated using anti-HA affinity beads. HA and ubiquitin antibodies were used to detect HA-KEG (top panel) and ubiquitinated HA-KEG (bottom

panel), respectively. IP, immunoprecipitation; IB, immunoblot.
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postulate that ABA regulation of KEG abundance may occur via

self-ubiquitination. To determine if ABA-induced degradation of

KEG is dependent upon KEG’s own E3 ligase activity, we com-

pared the degradation of wild-type KEG to that of KEG with a

mutated RING domain (KEGAA) in the presence and absence of

ABA. keg-1/35S:HA-KEG and keg-1/35S:HA-KEGAA transgenic

plants were pretreated with cycloheximide followed by ABA

treatment. As previously observed, ABA promoted KEG protein

degradation (Figures 3A and 4). However, no obvious change in

protein level was observed for HA-KEGAA in the presence of ABA

(Figure 4). As themutations within the RING domain are known to

abolishKEGE3 ligase activity,we conclude that theABA-induced

degradation of KEG requires self-ubiquitination activity.

ABA-InducedDegradation of KEGRequires the Presence of

an Intact Kinase Domain

Phosphorylation has been reported to regulate RING E3 ligase

autoubiquitination (Dornan et al., 2006; Hunter, 2007). Because

KEG contains a kinase domain, we speculated that phosphory-

lation is involved in KEG ubiquitination and subsequent degra-

dation modulated by ABA. To determine if this is the case, we

observed the effects of a general kinase inhibitor staurosporine

(STAU) on ABA-induced KEG degradation (Figure 5A). keg-1/

35S:HA-KEG transgenic seedlings were pretreated with STAU or

DMSO (control) in the presence of cycloheximide after which

ABA was added to both treatments, and tissues were collected

at the indicated time points. Anti-HA blots show that STAU

inhibited KEG degradation compared with the control plants

treated with DMSO (Figure 5A). These results indicate that KEG

phosphorylation by itself or another kinase plays a role in ABA-

induced KEG degradation.

To explore the role of KEG’s kinase domain during ABA-

regulated KEG ubiquitination, site-directed mutagenesis was

used to mutate the catalytically essential Lys-176 in the kinase

ATP binding domain (see Supplemental Figure 1B online) to Arg

to produce a kinase mutant (KEGK/R). Transgenic plants were

produced expressing the full-length KEG kinase domain mutant

fused to the HA-epitope tag under the control of CaMV 35S

promoter in the keg-1 background (keg-1/35S:HA-KEGK/R). Sim-

ilar to keg-1/35S:HA-KEG transgenic plants, keg-1/35S:HA-

KEGK/R plants did not show any obvious phenotype in the

absence of exogenous ABA, indicating that the mutated KEG

can fully rescue the keg-1 phenotype (Figures 1A and 5B).

Expression of HA-KEGK/R also rescued the high ABI5 protein

Figure 4. ABA-Induced KEG Degradation Requires a Functional KEG

RING Domain.

Eight-day-old keg-1/35S:HA-KEG and keg-1/35S:HA-KEGAA (RING mu-

tant) transgenic seedlings were incubated with 500 mM cycloheximide

(CHX) followed by treatment with 50 mM ABA for the indicated amounts

of time. For each time point, equal amounts of protein were analyzed by

immunoblot using HA antibody to determine the levels of HA-KEG and

HA-KEGAA (top panel). Coomassie blue staining shows loading levels

(bottom panel).

Figure 5. Phosphorylation Is Required for ABA-Induced Degradation

of KEG.

(A) Eight-day-old keg-1/35:HA-KEG transgenic seedlings were treated

with the kinase inhibitor STAU (1 mM) or DMSO (control) in the presence

of cycloheximide (CHX) followed by 50 mM ABA for the indicated

amounts of time. The levels of HA-KEG at each time point were

determined by immunoblot analysis using HA antibody (top panel).

Coomassie blue staining confirms equal loading (bottom panel).

(B) Phenotype of 7-d-old keg-1/35S:HA-KEG and keg/35S:HA-KEGK/R

(kinase mutant) transgenic seedlings grown on MS growth medium.

(C) Levels of ABI5 and HA-KEG as detected by anti-ABI5 and anti-HA for

keg-1/35S:HA-KEG and keg/35S:HA-KEGK/R transgenic plants grown

for 7 d on MS growth medium without ABA. Coomassie blue staining

confirms equal loading.

(D) Eight-day-old keg-1/35S:HA-KEG and keg-1/35S:HA-KEGK/R seed-

lings were treated with 500 mM CHX followed by 50 mM ABA for the

indicated amounts of time. The levels of HA-KEG and HA-KEGK/R at each

time point were determined by immunoblot analysis using anti-HA

antibody (top panel). Coomassie blue staining shows loading levels

(bottom panel).
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level usually observed in the keg-1 mutant to levels observed in

keg-1/35S:HA-KEG transgenic plants (Figures 1C and 5C).

These results suggest that the kinase domain mutation does

not affect KEG’s ability to ubiquitinate its substrate.

To determine if the substitution in the kinase domain affects the

ability of ABA to increase KEG degradation, keg-1/35S:HA-

KEGK/R and keg-1/35S:HA-KEG seedlings were treated as be-

fore to compare the degradation of HA-KEGK/R to that of HA-KEG

in the presence of ABA. Anti-HA blots show that the levels of HA-

KEGK/R decreased more slowly than did HA-KEG levels in the

presence of ABA (Figure 5D). These results indicate that an intact

kinase domain is required for ABA to increase the degradation of

KEG. Another possible explanation for the stabilization of KEG

upon substitution of the invariant Lys is that the Lys may serve as

a site for ubiquitination. To determine if this was the case, we

compared efficiency of His-Flag-KEG and His-Flag-KEGK/R self-

ubiquitination in vitro. If the Lys does serve as a target for

ubiquitin attachment, then the Lys-to-Arg substitution should

decrease the level of His-Flag-KEGK/R self-ubiquitination. How-

ever, the level and pattern of His-Flag-KEGK/R self-ubiquitination

was comparable to that of His-Flag-KEG (see Supplemental

Figure 2 online), suggesting that the Lys is not a ubiquitin

attachment site, at least in vitro.

Phosphorylation Is a Prerequisite for ABA-Induced

Ubiquitination of KEG

As shown above, ABA promotes the ubiquitination and degra-

dation of KEG. To determine if KEG’s kinase domain plays a role

in the ABA-mediated increase in KEG ubiquitination, we com-

pared the increase in the level of ubiquitinated HA-KEGK/R in the

presence of ABA to that of HA-KEG. KEG proteins were isolated

from keg-1/35S:HA-KEG and keg-1/35S:HA-KEGK/R transgenic

seedlings treated with or without ABA in the presence of MG132

and subjected to blotting with HA and ubiquitin antibodies.

Compared with HA-KEG, less ubiquitinated HA-KEGK/R was

observed in the presence of ABA (Figure 6A). These results

suggest that an intact kinase domain is required for ABA-induced

KEG ubiquitination and subsequent degradation.

ABA may regulate KEG ubiquitination by modulating the levels

of KEG self-phosphorylation or phosphorylation by another ki-

nase. ProQ Diamond staining, which specifically detects phos-

phorylated proteins, showed that KEG is phosphorylated in vivo in

the presence and absence of ABA and ABA does not increase the

level of KEG phosphorylation (see Supplemental Figure 3 online).

These results suggest that ABA may instead modulate the site of

phosphorylation and not necessarily the extent of KEG phosphor-

ylation. To explore further the role of phosphorylation in regulating

KEG autoubiquitination, HA-KEG and HA-KEGK/R were immuno-

precipitated from keg-1/35S:HA-KEG and keg-1/35S:HA-KEGK/R

transgenic plants, respectively, with anti-HA affinity beads and

used in an in vitro phosphorylation assay followed by a ubiquiti-

nation assay. As shown in Figure 6B, comparedwith nonprephos-

phorylated HA-KEG (2ATP), prephosphorylated HA-KEG (+ATP)

is more efficiently ubiquitinated. The increase in ubiquitination

observed for prephosphorylated HA-KEG was not observed for

prephosphorylated HA-KEGK/R. These results suggest phosphor-

ylation increases KEG’s ability to self-ubiquitinate.

DISCUSSION

The Ub/26S proteasome pathway has been directly or indirectly

implicated in the action of all major plant hormones, including

auxin, gibberellins, ABA, jasmonic acid, and ethylene (Hellmann

and Estelle, 2002; Smalle and Vierstra, 2004; Dreher and Callis,

2007; Stone andCallis, 2007). Hormone signaling often leads to a

secondary modification of targets that enhances either their

degradation or stability. Many of these target proteins are tran-

scriptional activators or repressors and affecting their half-lives is

an efficient control point in hormone signaling. For example, the

ABA-responsive bZIP transcription activator ABI5 has been

reported to be one potential target for the ubiquitin ligase activity

of KEG during postgerminative development (Stone et al., 2006).

In keg mutants, ABI5 levels are significantly higher than in wild-

type Arabidopsis plants (Stone et al., 2006). Here, we provide

further evidence demonstrating that KEG directly targets ABI5

for ubiquitination, leading to its subsequent degradation. First,

overexpression of HA-KEG in keg-1mutants can fully rescue the

initial growth arrest phenotype, as well as reduce the high ABI5

protein level associatedwith the phenotype. Furthermore, KEG is

capable of ubiquitinating ABI5 protein in vitro. A functional RING

domain is required to rescue fully the keg-1 mutant phenotype

and to restore wild-type levels of ABI5. The kinase domain also

plays a role in KEG-regulated postgerminative development

since keg-1 transgenic plants expressing the KEG protein with

a nonfunctional RING domain can grow much better than the

keg-1 mutants, even though the levels of ABI5 were still higher

than those observed for the wild type.

Plant transcriptional regulators are targets of E3 ligases in a

variety of hormone responses, including rice (Oryza sativa)

SLENDER RICE1 targeted by SCFGID2 (Sasaki et al., 2003) and

Arabidopsis RGA targeted by SCFSLY1 (Dill et al., 2004) in

gibberellin responses, ETHYLENE INSENSITIVE3 targeted

by SCFEBF1/EBF2 in ethylene signaling (Guo and Ecker, 2003;

Potuschak et al., 2003), JASMONATE-ZIM-DOMAIN (JAZ) tran-

scriptional repressors targeted by SCFCOI1 in jasmonate signal-

ing (Chini et al., 2007; Thines et al., 2007), auxin/indole-3-acetic

acid transcriptional repressors targeted by the SCFTIR1/AFB in

auxin signaling (Gray et al., 2001; Dharmasiri et al., 2005a, 2005b;

Kepinski and Leyser, 2005; Tan et al., 2007), and ABI3 and ABI5

targeted by RING-type E3 ligase AIP2 and KEG, respectively, in

ABA signaling (Zhang et al., 2005; Stone et al., 2006). Hormone-

dependent transcriptional activation has to be tightly regulated

to avoid inappropriate cellular responses. The experimental

evidence for how hormones regulate these E3 ligases to mod-

ulate hormonal responses is limited. For the SCF-type E3 ligase,

jasmonoyl-isoleucine and auxin have been reported to have a

similar way of regulating E3 activity. Both hormones promote the

interaction of transcriptional repressors (JAZs or auxin/indole-3-

acetic acid transcriptional repressors) with F-box proteins (COI1

or TIR1/AFBs) in the SCF complex, leading to the proteasomal

degradation of the repressors and release of the transcriptional

activator (MYC2 or ARFs, respectively) and gene transcription

(Chico et al., 2008).

In ABA signaling, ABI5 is a positive regulator of ABA signaling.

ABI5 protein levels dramatically increase when seedlings are

treated with ABA or are exposed to stress, which increases
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intracellular ABA levels. The increase in ABI5 protein levels is

accomplished via reduced proteolysis (Lopez-Molina et al.,

2001). SUMOmodification has been found to protect the inactive

form of the ABI5 from proteolytic degradation (Miura et al., 2009).

Previous evidence (Stone et al., 2006) and evidence from this

study support the conclusion that KEG is an E3 ligase for ABI5 in

vivo. Therefore, the decrease in KEG E3 activity toward ABI5 in

the presence of ABA is a prerequisite for the accumulation of

ABI5. Here, our evidence demonstrates that KEG protein deg-

radation is much more rapid with ABA treatment compared with

without ABA. The ABA-induced reduction in KEG protein levels

was efficiently blocked by the 26S proteasome inhibitor MG132.

Furthermore, ubiquitination of KEG proteins increased following

ABA treatment. Based on this evidence, we concluded that ABA

regulates KEG protein level by inducing ubiquitination and sub-

sequent degradation through the 26S proteasome pathway.

Mutations within KEG’s RING domain stabilize the protein and

abolish the ABA-induced degradation, suggesting that KEG’s

ubiquitin ligase function is essential for its own degradation, and

KEG is therefore regulated by autoubiquitination.

A few RING E3 ligases have been reported to be subjected to

autoubiquitinaton and this tends to inhibit their E3 ligase activity

(Deshaies and Joazeiro, 2009). One example is the mammalian

RING-type E3 ligaseMdm2, which is reported to regulate its own

stability via self-ubiquitination (Fang et al., 2000; Honda and

Yasuda, 2000). In response to stimuli such as DNA damage,

Mdm2 ubiquitinates and targets itself for proteasomal degrada-

tion. This leads to the activation of its ubiquitination target, the

transcription factor p53, which then induces cell cycle arrest or

apoptosis. Similar to Mdm2, the levels of KEG itself may regulate

ABI5 degradation, and KEG’s abundance is regulated by ABA

levels. High levels of ABA induce KEG autoubiquitination and

degradation, leading to the accumulation of ABI5.

Together, these observations raise the question as to how the

switch from ABI5 ubiquitination to KEG autoubiquitination is

influenced by ABA. KEG contains a kinase domain; therefore,

phosphorylation maybe another posttranslational modification

that regulates KEG’s E3 ligase activity toward substrate- or self-

ubiquitination. Many RING E3 ligases have been shown to be

regulated positively or negatively by cycles of phosphorylaion

and dephosphorylation (Hunter, 2007; Deshaies and Joazeiro,

2009). For instance, mammalian COP1 autoubiquitination is

stimulated by ATM phosphorylation, which produces an alloste-

ric alteration (Dornan et al., 2006), and the activity of Mdm2

toward p53 is increased by Akt/PKB phosphorylation through

reduced autoubiquitination (Feng et al., 2004). As for KEG,

phosphorylation (probably self-phosphorylation) also could

be one method to regulate positively its autoubiquitination.

Figure 6. Phosphorylation Promotes KEG Self-Ubiquitination.

(A) Eight-day-old keg-1/35S:HA-KEG and keg-1/35S:HA-KEGK/R transgenic seedlings were treated with MG132 for 16 h followed by treatments with (+)

or without (�) 50 mM ABA for 9 h. HA-KEG and HA-KEGK/R proteins were isolated from total protein extracts using anti-HA affinity beads and subjected

to immunoblotting using HA and ubiquitin (Ub) antibodies to detect HA-KEG/KEGK/R (top panel) and ubiquitinated HA-KEG/HA-KEGK/R (bottom panel),

respectively. IP, immunoprecipitation; IB, immunoblot.

(B) HA-KEG and HA-KEGK/R proteins were immunoprecipitated from 8-d-old keg-1/35S:HA-KEG and keg-1/35S:HA-KEGK/R transgenic seedlings,

respectively, using anti-HA affinity beads. Immunoprecipitated proteins were used in vitro kinase assays with (+) or without (�; control) ATP followed by

ubiquitination assays. Ubiquitin (Ub) was omitted from assays as a control. Anti-HA and anti-Ub were used to detect HA-KEG/KEGK/R (top panel) and

ubiquitinated HA-KEG/KEGK/R (bottom panel), respectively. IP, immunoprecipitation; IB, immunoblot.
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Pretreatment of seedlings with a general kinase inhibitor stau-

rosporine impedes ABA-induced degradation of KEG, indicating

that phosphorylation is involved in this process. The KEG kinase

mutant, which is much more stable than KEG in the presence of

ABA, is not ubiquitinated in response to ABA. In addition,

prephosphorylation of KEG results in increased self-ubiquitina-

tion in vitro. Together, these results suggest that KEG’s phos-

phorylation is required for ABA-induced self-ubiquitination and

subsequent degradation. However, the number of phosphate

groups per KEG molecule seems to be similar in the presence

and absence of ABA. The interpretation could be that in response

to ABA there is a phosphorylation rearrangement in KEG. The

outcome of the rearrangement dictates whether KEG ubiquiti-

nates itself or its substrate. The possibility that another kinase

may phosphorylate KEG in response to ABA still remains.

Several reports have indicated that ABA signaling is tightly

controlled and that ABI5 plays a central role in the postgermina-

tive growth regulation of ABA responses (Finkelstein and Lynch,

2000; Lopez-Molina and Chua, 2000; Lopez-Molina et al., 2001).

However, ABI5 accumulation is not sufficient to result in post-

germinative growth arrest. Transgenic plants overexpressing

ABI5 show increased ABI5 protein but grow normally in the

absence of ABA (Lopez-Molina et al., 2001; Stone et al., 2006).

Comparing the keg-1 mutant with ABI5-overexpressing trans-

genic plants, we observed that the keg-1 mutant accumulates

additional higher molecular mass forms of ABI5 that are not

observed in ABI5-overexpressing plants (Stone et al., 2006).

Previous studies have shown that ABA activates SnRK2s

(SnRK2.2, SnRK2.3, and SnRK2.6), resulting in phosphorylation

of ABI5 andABI5-like bZIP transcription factors (Kobayashi et al.,

2005; Fujii et al., 2007; Fujii and Zhu, 2009; Nakashima et al.,

2009), indicating that ABI5 is phosphorylated in response to ABA

and phosphorylation activates the transcription factor. The se-

vere postgerminative growth phenotype of keg-1 suggests that

the additional forms of ABI5 may be the phosphorylated active

ABI5, which is responsible for the growth arrest. Therefore, keg-1

knockout results in two effects on ABI5 in the absence of or in low

ABA. First, loss of the KEG E3 activity leads to an increase in

ABI5. Second, the absence of KEG somehow activates the

kinases, probably SnRK2s, which phosphorylate and activate

ABI5. This hypothesis correlates with the reduced levels of the

higher molecular mass form of ABI5 observed in keg-1/35S:HA-

KEGAA seedlings, which may represent the activated form of

ABI5. The reduced higher molecular mass form of ABI5 may

explain why the phenotype of keg-1/35S:HA-KEGAA was not as

severe as keg-1. KEG loss-of-function mutants actually simulate

the situation where plants are exposed to high levels of ABA.

Consequently, it is plausible that plants remove the abundant

KEG protein to allow ABI5 to accumulate and be activated in the

presence of ABA.

A tentative model for regulation of KEG and ABI5 activity by

ABA is shown in Figure 7. Under normal growth conditions, KEG

is stable and continually ubiquitinates and targets ABI5 for

degradation, thus keeping ABI5 levels low and allowing seedling

growth. In the presence of ABA, KEG is ubiquitinated and

degraded by the 26S proteasome. ABA-induced KEG degrada-

tion may involve de novo phosphorylation by KEG itself or

probably by another kinase. It is possible that phosphorylation

could induce a conformational change in KEG that may effi-

ciently expose the ubiquitin conjugating site, which would result

in KEG autoubiquitination and subsequent degradation. Conse-

quently, ABI5 becomes stable and activates the downstream

response genes that are responsible for the postgerminative

growth arrest. Meanwhile, ABA seems to induce slightly KEG

mRNA (Wawrzynska et al., 2008), possibly as part of a feedback

loop, enabling the creation of a reserve of KEG protein that can

rid the seedling of high levels of ABI5 to turn off the ABA signaling

pathway. Our model presents an example in plants where a

hormone promotes E3 ligase autoubiquitination to activate a

signaling pathway. However, it would be interesting to explore

the detailed mechanism of how the ABA signal is perceived and

transduced to KEG and how phosphorylation directly affects

KEG autoubiquitination.

METHODS

Plant Material and Growth Conditions

Arabidopsis thaliana seeds, ecotype Col-0 wild type, mutants, and

transgenic seeds were surface-sterilized with 50% (v/v) bleach and

0.1% Triton X-100. After cold treatment at 48C for 2 d, seeds were

germinated and grown on 0.53 MS medium containing 0.8% agar and

1% sucrose plates under continuous light at 228C. For plants grown in

Figure 7. Model for ABA Regulation of KEG Activity to Determine ABI5

Abundance.

In the absence of ABA, KEG is stable and continually ubiquitinates ABI5.

Ubiquitinated ABI5 is degraded by the 26S proteasome. ABA promotes

KEG autoubiquitination and subsequent degradation by the 26S protea-

some. As KEG is phosphorylated in the presence and absence of ABA,

ABA-induced KEG degradation may involve a rearrangement in phos-

phorylation status. This may be accomplished by KEG phosphorylating

itself or another kinase. Reduction in KEG abundance leads to the

accumulation of ABI5 and subsequent growth arrest.
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soil, 7-d-old seedlings were transferred fromMS plates to soil and grown

under photoperiodic cycles of 16 h light and 8 h dark at 228C in a growth

chamber. For salt or ABA treatment, the MS medium was supplemented

with indicated amounts of ABA or NaCl. keg-1 (Salk_049542) seeds

obtained from theABRC (Alonso et al., 2003; Stone et al., 2006) were a gift

from the Callis laboratory (University of California, Davis).

Plasmid Construction and Site-Directed Mutagenesis

Total RNA was extracted from Col-0 tissues using Trizol (Sigma-Aldrich)

following the manufacturer’s instructions. Reverse transcription (RT) was

performed using total RNA extracted from seedlings and oligo(dT)16

primer with SuperScript II reverse transcriptase (Invitrogen). RT product

was used in PCRs to amplify the predictedKEG open reading frame using

Phusion polymerase (Finnzymes). The full-length KEG cDNA (4878 bp)

and partial cDNA regions of KEG encoding the RING and kinase domain

(1383 bp) were cloned into the gateway entry vector pDONR 201

(Invitrogen). Point mutations were introduced with Phusion site-directed

mutagenesis kit (Finnzymes) to generate the RING domain mutation

(C-29-A, H-31-A; KEGAA) and kinase domainmutation (K-176-R; KEGK/R).

For plant transformation, full-length and mutated KEG cDNAs were

introduced into the pEarleyGate 201 plant transformation vector (Earley

et al., 2006) via the Gatewaymethod to produce in-frame fusions with the

HA tag under the control of the CaMV 35S promoter. For control plant

transformation vectors, the sequence between attB sites of pEarleyGate

201 was deleted. For bacterial expression, wild-type and mutated KEG

cDNAs were recombined into the pDEST 565 or modified pDEST 527

vectors (Addgene plasmids 11520 and 11518, respectively; donated by

Dominic Esposito, National Cancer Institute, Frederick) to obtain fusion

proteins with His-GST tag or Flag-His tag, respectively. To produce the

modified pDEST 527, a Flag tag was introduced N-terminal to the HIS tag

via an NdeI restriction site. The ABI5 open reading frame was amplified

from pUNI 51 obtained from ABRC and introduced into pDONR 201 and

then recombined into the modified pDEST 527 to produce a Flag-His

fusion protein. UBC8 expression plasmid was constructed previously

(gift from Judy Callis, University of California, Davis; Kraft et al., 2005). All

the clones were confirmed by sequencing. Primers used are listed in

Supplemental Table 1 online.

Plant Transformation and Transgenic Plants Selection

pEarleyGate 201 with KEG full-length wild type and mutated cDNAs were

introduced into Agrobacterium tumefaciens strain GV3101. The trans-

genicArabidopsis plantswere generated using the flower dippingmethod

(Clough and Bent, 1998). For the complementation of keg-1, keg T-DNA

insertion (Salk_049542) heterozygous plants were used for the transfor-

mation. Transgenic plants were selected by growing on half-strength MS

salts plus 0.8% agar and 50 mM DL-phosphinothricin (Sigma-Aldrich).

Transformants were transferred to soil and allowed to set seeds. For

keg-1 T-DNA mutant background, T-DNA homozygous plants were

confirmed by PCR. Primers used for genotyping plants are listed in

Supplemental Table 1 online. F3 generations of transgenic plants were

used for all experiments.

Protein Extraction, Immunoprecipitation, and Immunoblot Analysis

Unless indicated otherwise, 7-d-old seedlings were used for all experi-

ments. keg-1/35S:HA-KEG transgenic plants were germinated and

grown on MS plates for 3 d and then transferred to liquid MS medium

for additional 4 d of growth. Cycloheximide (500 mM) was added 2 h

before ABA treatment. ABA was added at a final concentration of 50 mM.

Ethanol (the solvent for ABA) was used as a negative control. For

proteasome inhibition, 30 mM MG132 was added 16 h before ABA

treatment. DMSO (the solvent for MG132) was used as a negative control.

For the kinase inhibitor treatments, 1 mM staurosporine was added 2 h

before ABA treatment. DMSO (solvent for staurosporine) was used as a

negative control. Seedlings were collected at the indicated time points

after treatment, frozen in liquid nitrogen, and stored at2808C until use. At

least three independent repetitions were performed for each experiment.

Total protein was extracted from seedling tissues using 20 mM Tris-

HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM Na3VO4, 20

mM NaF, 10 mM b-glycerophosphate, 1 mM phenylmethylsulfonyl fluo-

ride, 5% glycerol, and protease inhibitor cocktail tablets (Roche Diag-

nostics). The concentration of protein was determined using the Bradford

reagent (Sigma-Aldrich) with BSA as a standard.

For immunoblot analysis, 15 mg of total protein per lane was separated

on 5% SDS-PAGE. After electrophoresis, proteins were electrotrans-

ferred to polyvinylidene fluoride membrane. After blocking for 1 h in TBST

(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.05% Tween 20) with 5%

nonfat dry milk at room temperature, membranes were incubated with

mouse anti-HA (Sigma-Aldrich) at 1:10,000 dilution for 2 h or rabbit anti-

ABI5 (gift from Richard Vierstra and Lisa Farmer, University of Wisconsin;

Stone, et al., 2006) at 1:1000 dilution overnight. Following three washings

with TBST, membranes were incubated with horseradish peroxidase–

conjugated goat anti-mouse or anti-rabbit IgG (Sigma-Aldrich). After

three washings with TBST, the membranes were visualized using an

enhanced Lumi-Light Western Blotting Substrate kit (Thermo Scientific)

following the manufacturer’s instructions. Coomassie Brilliant Blue stain-

ing was used to show protein loading levels.

For immunoprecipitation, HA-KEG, HA-KEGAA (RING mutant), or HA-

KEGK/R (kinase mutant) was isolated from total protein extracted from

keg-1/35S:HA-KEG, keg-1/35S:HA-KEGAA, and keg-1/35S:HA-KEGK/R

transgenic plants, respectively, by incubation with anti-HA affinity beads

(Sigma-Aldrich) at 48C overnight, washed with 20 mM Tris-HCl and 150

mM NaCl three times, and eluted with 50 mL 13 SDS loading buffer. After

boiling for 5 min, 5 mL of supernatant was separated by 5% SDS-PAGE.

Immunoprecipitated proteins were detected by immunoblot analysis on

polyvinylidene fluoride membranes with anti-HA (Sigma-Aldrich) at

1:10,000dilutions or antiubiquitin (BostonBiochem) at 1:1250asdescribed

above. For phosphoprotein analysis, immunoprecipitated proteins were

separated on 5% SDS-PAGE and stained with ProQ Diamond or Sypro

Ruby according to the manufacturer’s instructions (Molecular Probes).

In Vitro Ubiquitination and Phosphorylation Assays

For ubiquitination assays, a portion of wild-type KEGor RINGmutant KEG

(KEGAA), consisting of only the RING and kinase domain, were expressed

asHis-GST fusions, ABI5was expressed as a Flag-His tagged fusion, and

Arabidopsis UBC8 was expressed as a His-tagged fusion protein. All

proteins were expressed in Escherichia coli strain Rosetta (DE3) and

purified using nickle-charged resin (Bio-Rad) according to the manufac-

turer’s protocols. Ubiquitination assays were performed as described

previously (Stone et al., 2006). Briefly, reactions (30mL) containing 50mM

Tris-HCl, pH 7.5, 10 mM MgCl2, 0.05 mM ZnCl2, 1 mM ATP (Sigma-

Aldrich), 0.2mMDTT, 10mMphosphocreatine, 0.1 unit of creatine kinase

(Sigma-Aldrich), 50 ng of yeast E1 (BostonBiochem), 150 ng of purified

His-AtUBC8 (E2), 2 mg of ubiquitin (BostonBiochem), 300 ng His-GST-

KEG or His-GST-KEGAA (RING mutant), and/or 300 ng Flag-His-ABI5

were incubated at 308C for 2 h. Reactions were stopped by adding SDS

sample buffer (125 mM Tris-HCl, pH 6.8, 20% [v/v] glycerin, 4% [w/v]

SDS, and 10% [v/v] b-mercaptoethanol) and analyzed by SDS-PAGE

followed by immunoblots using anti-GST (Sigma-Aldrich) or anti-Flag

antibodies (Sigma-Aldrich).

For kinase assays, HA-KEG and HA-KEGK/R was immunoprecipitated

from total protein extracted from keg-1/35S:HA-KEG and keg-1/35S:HA-

KEGK/R transgenic plants, respectively, with anti-HA affinity beads as

described above. Bead-bound HA-tagged proteins were incubated at

308C for 30 min in 45 mL kinase assay buffer (20 mM Tris-HCl, pH 7.5, 10
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mMMnCl2, and 10mMATP). Beadswere thenwashed three timeswith 50

mM Tris-HCl, pH 7.5, and 150 mMNaCl. Ubiquitination assays were then

performed by adding 45 mL ubiquitination assay buffer as described

above to the beads, incubated at 308C for 2 h, and analyzed by SDS-

PAGE followed by immunoblots using HA or ubiquitin antibodies.

Accession Numbers

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

Initiative under the following accession numbers: KEG, 4515105706;

ABI5, 2049427; and UBC8, 1005720488.
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