
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 
Activation of Glucosidase via Stress-
Induced Polymerization Rapidly
Increases Active Pools of Abscisic Acid
Kwang Hee Lee,1,2 Hai Lan Piao,2 Ho-Youn Kim,3 Sang Mi Choi,1 Fan Jiang,4 Wolfram Hartung,4 Ildoo Hwang,1

June M. Kwak,5 In-Jung Lee,3 and Inhwan Hwang1,2,*
1Division of Molecular and Life Sciences, Pohang University of Science and Technology, Pohang 790-784, Korea
2Center for Plant Intracellular Trafficking, Pohang University of Science and Technology, Pohang 790-784, Korea
3Division of Plant Biosciences, College of Agriculture and Life Sciences, Kyungpook National University, Daegu 702-701, Korea
4Julius-von-Sachs-Institut fur Biowissenschaften, Universitat Wurzburg, Julius-von-Sachs-Platz 2, D-97082 Wurzburg, Germany
5Department of Cell Biology and Molecular Genetics, University of Maryland, College Park, Maryland 20742, USA
*Contact: ihhwang@postech.ac.kr

DOI 10.1016/j.cell.2006.07.034
SUMMARY

Abscisic acid (ABA) is a phytohormone critical
for plant growth, development, and adaptation
to various stress conditions. Plants have to
adjust ABA levels constantly to respond to
changing physiological and environmental con-
ditions. To date, the mechanisms for fine-tuning
ABA levels remain elusive. Here we report that
AtBG1, a b-glucosidase, hydrolyzes glucose-
conjugated, biologically inactive ABA to pro-
duce active ABA. Loss of AtBG1 causes
defective stomatal movement, early germina-
tion, abiotic stress-sensitive phenotypes, and
lower ABA levels, whereas plants with ectopic
AtBG1 accumulate higher ABA levels and
display enhanced tolerance to abiotic stress.
Dehydration rapidly induces polymerization of
AtBG1, resulting in a 4-fold increase in enzy-
matic activity. Furthermore, diurnal increases
in ABA levels are attributable to polymeriza-
tion-mediated AtBG1 activation. We propose
that the activation of inactive ABA pools by po-
lymerized AtBG1 is a mechanism by which
plants rapidly adjust ABA levels and respond
to changing environmental cues.

INTRODUCTION

The phytohormone abscisic acid (ABA) plays critical roles

in various physiological processes during the plant life cy-

cle, including seed dormancy, germination, and adaptive

responses to environmental stress conditions (Shinozaki

and Yamaguchi-Shinozaki, 2000; Schroeder et al., 2001;

Zhu, 2002; Himmelbach et al., 2003). Cellular ABA levels

fluctuate constantly to allow plants to adjust to the chang-
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ing physiological and environmental conditions. In partic-

ular, cellular ABA levels increase significantly during seed

maturation and under abiotic stress. In contrast, ABA

levels are decreased during germination (Ali-Rachedi

et al., 2004; Chiwocha et al., 2005).

The primary source of ABA is de novo synthesis via

complex pathways in plants (Qin and Zeevaart, 1999; Cut-

ler and Krochko, 1999; Zeevaart, 1999; Seo and Koshiba,

2002; Nambara and Marion-Poll, 2005). Except for the

final two steps, all the steps for de novo ABA synthesis

occur in plastids, while the final two steps involving con-

version of xanthoxin to ABA take place in the cytoplasm

(Marin et al., 1996; Tan et al., 1997; Seo and Koshiba,

2002). The importance of de novo ABA synthesis in

increasing ABA levels has been established using bio-

synthetic mutants displaying a variety of physiological

defects, including precocious germination, wilting, and

sensitivity to environmental stress (Rock and Zeevaart,

1991; Leon-Kloosterziel et al., 1996; Cutler and Krochko,

1999). Genes encoding biosynthetic enzymes are upregu-

lated by physiological needs or environmental stresses,

which leads to an increase in de novo ABA synthesis

(Audran et al., 1998; Cutler and Krochko, 1999; Iuchi

et al., 2000; Nambara and Marion-Poll, 2005).

The cellular ABA content is lowered via two pathways,

hydroxylation and conjugation (Cutler and Krochko,

1999; Qin and Zeevaart, 1999; Kushiro et al., 2004). ABA

is hydroxylated at three positions, C-70, C-80, and C-90,

of which C-80 is the primary site. Cytochrome P450 mono-

oxygenase hydroxylates ABA at the C-80 position to form

unstable 80-hydroxy ABA, which is subsequently con-

verted to phaseic acid by spontaneous isomerization.

This pathway is additionally regulated by environmental

conditions, such as dehydration stress (Kushiro et al.,

2004). On the other hand, ABA and hydroxy ABA are con-

jugated with glucose for inactivation. Of the conjugates,

ABA glucose ester (ABA-GE) is the predominant form

(Cutler and Krochko, 1999). ABA glucosyltransferase per-

forms the conjugation (Xu et al., 2002). In specific tissues,
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conjugation presents a major pathway of ABA inactivation

(Cutler and Krochko, 1999; Zeevaart, 1999). Conjugated

ABA-GEs are compartmentalized in vacuoles or apoplas-

tic space (Dietz et al., 2000). However, the issue of

whether biologically inactive ABA-GEs constitute a re-

served or stored form of ABA remains to be clarified.

Despite recent progress in research on ABA metabo-

lism, the mechanisms by which the ABA content is regu-

lated at the cellular and whole plant levels are currently

unclear. De novo synthesis is essential to increase the

cellular ABA content. In addition, at the whole plant level,

ABA is transported from roots to leaves by long-distance

translocation (Wilkinson and Davies, 2002). Thus, the

cellular ABA level in a leaf cell may be increased by two dif-

ferent sources, specifically, de novo synthesis in the leaf

cell and supply from roots. Furthermore, ABA-GE may

contribute to ABA homeostasis in plant cells (Hartung

et al., 2002; Sauter et al., 2002; Chiwocha et al., 2005).

In this study, we demonstrate that AtBG1, an Arabidop-

sis b-glucosidase homolog localized to the ER, displays

ABA-GE hydrolyzing activity, and increases the cellular

ABA content through rapid polymerization of AtBG1

from lower to higher molecular weight forms under dehy-

dration stress.

RESULTS

The atbg1 Mutant Displays ABA-Deficient

Phenotypes

We isolated AtBG1 (see Figure S1 in the Supplemental

Data) encoding a b-glucosidase homolog as an NaCl-in-

ducible gene from an Arabidopsis subtraction library en-

riched for NaCl-stress-inducible cDNA (Pih et al., 1997).

AtBG1 expression was induced in leaves under various

abiotic stress conditions and following exposure to exog-

enous ABA (Figure S2A). To further determine the expres-

sion pattern, the AtBG1 upstream region was placed in

front of the b-glucuronidase (GUS) coding region, and

the resulting construct was introduced into plants. GUS

expression was detected in seed cells. In vegetative

tissues, GUS expression was low and highly specific to hy-

dathodes of rosette and cauline leaves (Figures S2B and

S2C). Dehydration stress strongly induced GUS expres-

sion in hydathodes and the vasculature of rosette and cau-

line leaves, suggesting that AtBG1 participates in drought

response (Figure S2C). To test this hypothesis, we gener-

ated transgenic plants harboring AtBG1 under control of

the cauliflower mosaic virus (CaMV) 35S promoter (Fig-

ure S3A). Transgenic plants exhibited enhanced tolerance

to NaCl stress, supporting our hypothesis (Figure S3B).

Next, a mutant line with a T-DNA insertion in the ninth

intron of AtBG1 was isolated (see Figure S4), and the

absence of AtBG1 mRNA was confirmed by RT-PCR (Fig-

ure 1A). Homozygous mutant plants were smaller, and

displayed a yellow leaf phenotype (Figures 1C and 1D),

defective stomatal closure in the dark (Figure 1F), in-

creased transpirational water loss (Figure 1G), and sensi-

tive response to dehydration (Figure 1H), indicating that
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loss of AtBG1 leads to defects in ABA-mediated re-

sponses. In addition, atbg2 plants, which had a T-DNA

insertion in AtBG2, encoding another b-glucosidase with

ABA-GE hydrolyzing activity, displayed similar but weaker

phenotypes to those of atbg1 plants (K.H.L., J.C. Jeong,

D.-J. Yun., and I.H., unpublished data). Furthermore, ap-

plication of exogenous ABA to atbg1 plants rescued the

defect in stomatal movement and plant growth pheno-

types (Figures 1E and 1F). In fact, the ABA levels in

atbg1 plants were lower than the wild-type (WT) (see be-

low Figure 4 for detail). To confirm that these phenotypes

were due to the T-DNA insertion in AtBG1, genetic com-

plementation was performed by expressing an epitope

hemagglutinin (HA)-tagged AtBG1 cDNA (AtBG1:HA,

Figure S4C) under the control of the CaMV 35S promoters

in the atbg1 background. Expression of AtBG1:HA in res-

cued plants was confirmed by western blot analysis of

protein extracts from the T2 generation using an anti-HA

antibody (Figure 1B). Expression of AtBG1:HA rescued

the mutant phenotypes (Figures 1C, 1D and 1F–1H). To

further confirm the complementation, atbg1 mutants

were transformed with AtBG1:HA under the AtBG1 pro-

moter (Figure 1C, Rescued atbg1-E). There was no differ-

ence between the two rescued plant phenotypes, and all

following analyses were performed with atbg1 plants res-

cued with AtBG1:HA under the CaMV 35S promoter.

AtBG1 Exhibits ABA-GE Hydrolyzing Activity In Vitro

To elucidate the mechanistic basis of the mutant pheno-

type described above, we assessed the enzymatic activ-

ity of AtBG1. We examined the possibility that AtBG1

hydrolyzes ABA-GE, an irreversible and sequestered

form of ABA in plants (Zeevaart, 1999; Seo and Koshiba,

2002). Protoplasts were transformed with AtBG1:HA,

AtBG1[E207Q]:HA, AtBG1[DC105]:HA, or a vector con-

trol. AtBG1[E207Q]:HA contains a substitution at position

207, which is part of the active site of various b-glucosi-

dases (Marana et al., 2001). AtBG1[DC105] is a deletion

mutant that lacks 105 residues at the C terminus.

Transiently expressed proteins in protoplasts were immu-

nopurified from protein extracts prepared 24 hr after

transformation using an anti-HA antibody (Figure 2A).

Immunopurified proteins were incubated with ABA-GE

in vitro, and the reaction products were separated by high-

pressure liquid chromatography (HPLC). Both AtBG1:HA

and AtBG1[E207Q]:HA displayed a novel peak at the posi-

tion for ABA, which was smaller in the latter case (Fig-

ure 2B). The putative ABA peak was further confirmed

and quantified by enzyme-linked immunosorbent assay

(ELISA) using an antibody that specifically recognizes

ABA, but not ABA-GE (Xu et al., 2002). The amount of

ABA released by AtBG1[E207Q]:HA was reduced to

25% of that of the WT (Figure 2C), indicating that glutamic

acid at position 207 is important for hydrolytic activity.

However, neither AtBG1[DC105]:HA nor the vector control

generated detectable levels of ABA from ABA-GE (Figures

2B and 2C). Together, these results clearly demonstrate

that AtBG1:HA hydrolyzes ABA-GE to ABA. Zeatin-GE
Inc.



Figure 1. Phenotypes of atbg1 Mutants and Complementation with AtBG1:HA

(A) Lack of AtBG1 transcripts in atbg1 plants was confirmed by RT-PCR using gene-specific primers. 18S rRNA indicates a positive control for

RT-PCR.

(B) AtBG1:HA expression in rescued atbg1 plants was determined by western blotting using an anti-HA antibody.

(C and D) WT, atbg1, and rescued atbg1 plants grown on soil for 1 (1 W), 2 (2 W), and 4 (4 W) weeks after germination. Rescued atbg1 and Rescued

atbg1-E indicate atbg1 plants harboring CaMV 35S-AtBG1:HA and AtBG1p-AtBG1:HA, respectively.

(E) atbg1 mutants were rescued by exogenous ABA. One-week-old atbg1 plants were treated with ABA, and grown for an additional 3 days.

(F) Stomatal aperture was measured with and without exogenously applied ABA at 12 hr (L) and 23 hr (D) (n = 150). Error bars = standard deviation

(SD).

(G) The atbg1 plants displayed increased transpirational water loss. Detached rosette leaves (50 leaves) were exposed to 30% (v/v) RH for the indi-

cated periods, and fresh leaf weights were measured (n = 5). Water loss is expressed as a percentage of initial fresh weight. Error bars = SD.

(H) WT, atbg1, and rescued atbg1 plants were grown on soil, and not watered for 14 days (14 d) or 21 days (21 d) in a greenhouse at 20�C with 70% RH.
Cell 126, 1109–1120, September 22, 2006 ª2006 Elsevier Inc. 1111



was incubated with AtBG1 to determine its specificity.

Under our experimental conditions, AtBG1 did not exhibit

hydrolytic activity on zeatin-GE (data not shown), suggest-

ing that the enzyme is specific for ABA-GE.

AtBG1 Localizes to the ER, Where It Hydrolyzes

ABA-GE to Form Free ABA

To determine the site of ABA production from ABA-GE, we

examined subcellular localization of AtBG1. AtBG1 con-

tains a sequence motif at the C terminus, REEL, which is

similar to the ER retention signal KDEL (Munro and

Pelham, 1987). Localization of AtBG1:HA (Figure S4C) in

transgenic plants was examined immunohistochemically

using the anti-HA antibody. AtBG1:HA displayed a net-

work pattern closely overlapping that of BiP:RFP, an ER

marker protein (Figure 3A) (Jin et al., 2001). GFP:AtBG1

transiently expressed in protoplasts also exhibited a net-

work pattern closely overlapping BiP:RFP (Figures S5A

and S5B), further confirming that AtBG1 localizes to the

ER. To obtain independent evidence for the localization,

we examined AtBG1:HA glycosylation. Proteins that local-

Figure 2. Hydrolysis of ABA-GE by AtBG1

(A) AtBG1:HA, AtBG1[E207Q]:HA, and AtBG1[DC105]:HA were

expressed in protoplasts and analyzed by western blotting using an

anti-HA antibody. These proteins were purified by immunoprecipita-

tion using an anti-HA antibody. Vector indicates the empty vector

used as a negative control.

(B) Immunopurified AtBG1:HA proteins were incubated with ABA-GE

in vitro, and the reaction products were separated by HPLC.

(C) Putative ABA fractions of HPLC were analyzed by ELISA using an

anti-ABA antibody. Error bars = SD (n = 3).
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ize to the ER, but not the Golgi or post-Golgi compart-

ments, have endo H- and PNGase F-sensitive glycans

(Kuznetsov et al., 1993). Protein extracts were prepared

from transformed protoplasts in the presence and ab-

sence of tunicamycin, an inhibitor of N-glycosylation,

and treated with endo H or PNGase F. AtBG1:HA from tu-

nicamycin-treated protoplasts migrated faster than that

from tunicamycin-untreated protoplasts (Figure 3B), indi-

cating that AtBG1:HA is glycosylated. Furthermore, the

glycan moiety of AtBG1:HA is sensitive to both endo H

and PNGase F, as reflected by its higher mobility,

Figure 3. ER-Localized AtBG1 Hydrolyzes ABA-GE to ABA

(A) Protoplasts from rescued atbg1 plants (line 4) were transformed

with BiP:RFP. AtBG1:HA was detected by immunostaining with an

anti-HA antibody. RFP was observed directly. Scale bar, 20 mm.

(B) AtBG1:HA contains endo H- and PNGase F-sensitive glycans. Pro-

tein extracts were treated with endo H and PNGase F as described in

the Experimental Procedures. The control represents protein extracts

from protoplasts in the absence of tunicamycin.

(C) ABA production by microsomal fractions in vitro. Microsomal

fractions were prepared from rescued atbg1 plants (line 4) by ultra-

centrifugation. The microsomal fraction was further treated with either

1% Triton X-100 or thermolysin (10 mg/ml). Error bars = SD (n = 5). TMP,

total microsomal protein.

(D) ABA-GE hydrolyzing activity was measured in microsomal fractions

from WT, atbg1, and rescued atbg1 plants (line 4). For dehydration

stress, plants were exposed to 30% RH for 10 hr. C, control; D, de-

hydration. Error bars = SD (n = 5; p = 0.092 between atbg1 and WT

in control samples without dehydration; p < 0.05 for the rest of the

samples). TMP, total microsomal protein.
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compared with untreated AtBG1:HA (Figure 3B), further

supporting its localization to the ER.

Next, we examined whether ER-localized AtBG1:HA hy-

drolyzes ABA-GE. ABA-GE hydrolyzing activities were ex-

amined in microsomal fractions obtained from rescued

atbg1 plants (Figure S6A). The microsomal fraction that

remained intact during an in vitro assay (Figure S6B) pro-

duced ABA from exogenously added ABA-GE (Figure 3C).

The ABA-producing activity was significantly higher in the

presence of Triton X-100 (Figure 3C), suggesting that ABA-

GE with limited membrane permeability (Baier et al., 1988)

is imported into the ER by a membrane-localized trans-

porter. To confirm this hypothesis, we prepared thermoly-

sin-treated microsomes and measured ABA production.

The specific degradation of membrane proteins and not lu-

menal proteins by thermolysin was confirmed from the dif-

ferential sensitivities of AtERD2:GFP and AtBG1:HA to

thermolysin (Figure S6C). Thermolysin treatment induced

a 40% decrease in ABA production (Figure 3C), implying

that ABA-GE is imported into the ER by a transporter.

The remaining 60% activity is possibly due to incomplete

digestion of the putative transporter by thermolysin (Fig-

ure S6C). To further confirm these results, the ABA-GE hy-

drolyzing activity was measured in microsomes from atbg1

and rescued atbg1 plants. atbg1 and rescued atbg1 plants

showed lower and higher ABA-GE hydrolyzing activities

than the WT, respectively (Figure 3D). The difference was

more pronounced when plants were subjected to dehydra-

tion stress (Figure 3D). Additionally, we prepared intracel-

lular and extracellular protein fractions from leaf tissues

(Dietz et al., 2000) and measured the ABA-GE hydrolyzing

activity in each fraction. The extracellular levels of ABA-GE

hydrolyzing activity in atbg1 and rescued atbg1 plants

were similar to that in the WT (Figure S7). In contrast, the

intracellular activities of atbg1 and rescued atgb1 plants

were 50% and 160% of the WT, respectively, indicating

that AtBG1 is responsible for intracellular ABA-GE hydroly-

sis (Figure S7). The remaining 50% of the intracellular ac-

tivity in atbg1 plants may be due to another b-glucosidase

homolog that can hydrolyze ABA-GE (K.H.L., J.C. Jeong,

D.-J. Yun., and I.H., unpublished data). The significantly in-

creased activity in rescued atbg1 plants is possibly due to

the high level of AtBG1:HA expression induced by the

CaMV 35S promoter.

AtBG1 Contributes to Increased Cellular ABA Levels

under Dehydration Conditions

To determine whether there is a correlation between the

ABA-GE hydrolyzing activity and the ABA level in plants,

we measured the ABA content in seeds, leaves, and roots

of WT, atbg1, and rescued atbg1 plants by ELISA using an

anti-ABA antibody. In addition, the ABA levels in represen-

tative samples were confirmed by gas chromatography-

mass spectroscopy (GC-MS) (Figures S8 and S9A). The

ABA content in atbg1 seeds was approximately 40% of

the WT (Figure 4A). In rescued atbg1 plants, the ABA con-

tent ranged from 86% to 250% of the WT, which corre-

lated positively with the levels of AtBG1:HA (Figure 4B).
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Because ABA levels increase significantly under stress

conditions (Zeevaart, 1999), we determined the ABA levels

in leaves under both water-sufficient and dehydration

conditions to establish whether AtBG1 plays a role in

stress responses. Under water-sufficient conditions, the

ABA content in leaves of atbg1 and rescued atbg1 plants

was 90% and 110% of the WT, respectively (Figure 4C

and Figure S9B), indicating that ABA levels do not differ

significantly in all three plants under water-sufficient

growth conditions. In contrast, during dehydration, ABA

levels increased in all three plants, but at different extents,

depending on the AtBG1 expression level. The ABA con-

tent increased 4-, 5-, and 20-fold in atbg1, WT, and res-

cued atbg1, respectively (Figure 4C and Figure S9B),

showing that AtBG1 contributes a notable increase in

ABA content upon dehydration stress. Earlier studies

show that the de novo synthesis of ABA contributes to

dehydration-induced increase in ABA levels (Qin and Zee-

vaart, 1999; Cutler and Krochko, 1999). Thus, to further

determine the contribution of AtBG1, the ABA contents

were measured in the presence of fluridone, an inhibitor

of de novo ABA biosynthesis (Gamble and Mullet, 1986).

In the presence of fluridone, ABA contents in dehydra-

tion-stressed atbg1, WT, and rescued atbg1 plants were

3-, 4-, and 8-fold of the WT grown under water-sufficient

conditions in the absence of fluridone, respectively (Fig-

ure 4C), indicating that dehydration stress also caused

an increase in ABA content in all three plants, but to a

lesser degree, compared with that in the absence of fluri-

done. Dehydration-induced increases in ABA levels upon

fluridone addition were strongly dependent on AtBG1 ex-

pression in plants. These results strongly suggest that

AtBG1 increases the ABA content upon dehydration in

the absence of de novo ABA synthesis. However, upon

treatment with fluridone, the amount of ABA produced in

rescued atbg1 plants during dehydration stress was in-

creased by 8-fold, in contrast to 20-fold in the absence

of fluridone (Figure 4C), suggesting that ABA generation

by AtBG1 also depends on de novo synthesis. Similar re-

sults were obtained with roots, although the difference of

ABA contents in the roots of these plants was smaller than

that in the leaves (Figure S10). To confirm the differences

in ABA contents of these plants, germination was exam-

ined. The germination rates of these plants were exactly

the inverse of the ABA levels (Figures 4A and 4D). These

data further support the view that ABA produced by

AtBG1 plays a critical role in physiological responses in

plants.

ABA-GE Hydrolyzing Activity of AtBG1 Is Enhanced

by Dehydration Stress-Induced Polymerization

In rescued atbg1 plants expressing AtBG1:HA under the

control of the constitutive CaMV 35S promoter, the sub-

stantial increase in ABA contents required dehydration

stress. This result strongly suggests that AtBG1 is

activated by dehydration, leading to enhanced ABA pro-

duction. We investigated the mechanism by which dehy-

dration stress activates AtBG1. A previous study shows
26, 1109–1120, September 22, 2006 ª2006 Elsevier Inc. 1113



Figure 4. Endogenous ABA Levels in

Seeds and Leaf Tissues

(A) ABA levels in seeds of WT, atbg1, and

rescued atbg1 plants were measured as de-

scribed in the Experimental Procedures. Error

bars = SD (n = 3).

(B) Expression of AtBG1:HA in rescued atbg1

plants (line 1 to line 4) was analyzed by western

blotting using an anti-HA antibody. The mem-

brane was stained with Coomassie blue to

control loading.

(C) ABA levels in leaves of WT, atbg1, and res-

cued atbg1 plants (line 4) were measured. For

fluridone treatment, plants grown on MS plates

for 20 days were transferred onto MS plates

supplemented with 1.0 mM fluridone, and

cultured for additional 2 days. For dehydration

stress, plants grown with or without fluridone

were exposed to 30% RH for 10 hr. Error

bars = SD (n = 3).

(D) Germination assays were performed with

WT, atbg1, and rescued atbg1 (line 1 and line

4) plants. For each plant line, 200 seeds were

used in a triplicate experiment. Error bars = SD

(n = 3).
that polymerized forms of b-glucosidases have higher

enzymatic activity (Kim and Kim, 1998). To determine

whether this is a possibility for AtBG1, we initially exam-

ined homomeric interaction of AtBG1 molecules by coim-

munoprecipitation. Protein extracts from protoplasts co-

transformed with two differently tagged forms of AtBG1,

AtBG1:HA and AtBG1:T7, were used for immunoprecipi-

tation with anti-T7 antibody. Immunoprecipitates were

analyzed by western blotting using an anti-HA antibody.

AtBG1:HA was detected in the precipitate (Figure S11A).

Furthermore, the amount of AtBG1:HA in the precipitate

was increased by 3-fold upon treatment of protoplasts

with PEG 8000, a chemical that induces osmotic stress

(Figure S11A). Thus, we concluded that AtBG1 undergoes

homomeric interactions, which are enhanced by osmotic

stress. To further address this possibility, protein extracts

from rescued atbg1 plants that had been subjected or not

to dehydration stress were fractionated using a gel filtra-

tion column. Protein fractions were analyzed by western
1114 Cell 126, 1109–1120, September 22, 2006 ª2006 Elsevier
blotting using an anti-HA antibody. AtBG1:HA from un-

stressed plants existed primarily as monomers or dimers

with a small proportion of higher molecular weight forms

(Figure 5A). In contrast, AtBG1:HA from dehydration-

stressed plants existed as higher molecular weight forms

with almost no dimers or monomers (Figure 5A). The mo-

lecular weight of the main peak of AtBG1 in dehydration-

stressed plants corresponded to over 600 kDa, which is

equivalent to a 10-mer. The total amount of AtBG1:HA in

stressed plants was nearly the same as that of the control

(Figure S11B). Our data clearly imply that dehydration in-

duces polymerization of AtBG1.

The enzymatic activities of high and low molecular

weight forms were compared. High molecular weight

forms exhibited 4-fold higher specific activity than the

low molecular weight forms (Figure 5B). In addition, we

measured the ABA-GE hydrolyzing activity after mixing

the fractions containing high and low molecular weight

forms. From these experiments we did not find any
Inc.



Figure 5. Dehydration Enhances the ABA-GE Hydrolyzing Activity of AtBG1 in Microsomes by Rapid Polymerization of AtBG1 into

High Molecular Weight Forms

(A) Polymerization of AtBG1. Rescued atbg1 plants were grown on MS plates for 3 weeks. For dehydration stress, plants were exposed to 30% RH for

10 hr. Protein extracts were fractionated using a gel filtration column. The fractions were analyzed by western blotting using an anti-HA antibody. The

molecular weight positions were determined by western blot analysis using the indicated antibodies.

(B) ABA-GE hydrolyzing activity of lower and higher molecular weight AtBG1. Fractions indicated by arrows in Figure 5A were assayed for ABA-GE

hydrolyzing activity in vitro. The activity was normalized based on the intensity of AtBG1:HA bands detected by an anti-HA antibody. LM, low

molecular weight form; HM, high molecular weight form. Error bars = SD (n = 3).

(C and D) Cell extracts were prepared from rescued atbg1 plants at various time points after dehydration stress and subjected to gel filtration (C). The

intensity of the AtBG1:HA band in each fraction was measured from immunoblots. High molecular weight forms ([C], fractions 1 to 7) are presented as

a percentage of the total amount of AtBG1:HA (D). Error bars = SD (n = 3).
inhibitory activity from the fractions containing low molec-

ular weight forms (data not shown). These results strongly

suggest that the assembly of AtBG1 into high molecular

weight forms constitutes the underlying mechanism of ac-

tivation. Next, we examined the kinetics of AtBG1 assem-

bly into higher molecular weight forms upon dehydration

stress. Protein extracts were prepared from rescued
Cell 1
atbg1 plants subjected to dehydration at various time

points and fractionated by gel filtration chromatography.

The higher molecular weight forms appeared 30 min after

dehydration and gradually increased over time (Figures 5C

and 5D). At 10 hr after dehydration stress, over 80% of

AtBG1 was present in the higher molecular weight form

(Figures 5C and 5D). Thus, the assembly of AtBG1 into
26, 1109–1120, September 22, 2006 ª2006 Elsevier Inc. 1115



higher molecular weight forms upon dehydration stress

occurs at a mild condition such as exposure to 30% rela-

tive humidity for 30 min, indicating that the response is

very sensitive to dehydration stress.

Polymerization of AtBG1 into Higher Molecular

Weight Forms Displays Diurnal Fluctuation,

Similar to the ABA Level

The water status in plants changes constantly within a day

under normal growth conditions. Transpiration rates may

reach the highest level at midday under brighter sunlight,

which periodically lowers water potential or leads to a tran-

sient water deficit at midday. To examine this, we mea-

sured the transpiration rate every 6 hr (8:00 AM, 2:00 PM,

8:00 PM, and 2:00 AM) in a day and found that it reaches

the highest level at 2:00 PM (Figure S12). Thus, we hypoth-

esized that the ABA levels in leaves undergo diurnal fluctu-

ation, with a higher cellular ABA level at midday and a lower

ABA level at night. To test this, we measured the ABA levels

in leaves of WT, atbg1, and rescued atbg1 plants grown

under normal conditions every 6 hr starting at 8:00 AM.

The ABA levels of leaves displayed diurnal fluctuation

within a day, with the lowest and highest concentrations

at 8:00 AM and 2:00 PM in rescued atbg1 plants, respec-

tively (Figure 6A and Figure S9C). WT plants also showed

a similar ABA pattern. In contrast, the ABA level in atbg1

plants remained at a basal level without any significant

fluctuation, suggesting that AtBG1 plays a major role in di-

urnal fluctuation of ABA. To investigate the cause of this in-

crease in diurnal fluctuation of ABA, we determined the

levels of AtBG1 transcripts as well as AtABA1, AtABA2,

and AtNCED3, which are critical for de novo ABA biosyn-

thesis in WT plants at various time points within a day. Ex-

pression of AtBG1 was induced following dehydration

(Figure S2A). Expression of AtABA2 and AtNCED3 was

also induced by dehydration (Nambara and Marion-Poll,

2005). Furthermore, the ABA2 mRNA level in Nicothiana

plumbaginifolia displayed a circadian cycle, although pro-

tein expression remained constant (Audran et al., 1998).

Under the growth conditions employed, the AtBG1 and

AtABA2 mRNA levels remained constant throughout

a day (Figure S13A), indicating that plants do not experi-

ence dehydration stress under these conditions. This re-

sult suggests that the higher ABA content was not due to

enhanced expression of AtBG1. Interestingly, the level of

AtABA1 transcript fluctuated with an approximate 1.7-

fold increase at 2:00 PM (Figures S13A and S13B). In addi-

tion, AtNCED3 mRNA expression increased to 1.8-fold at

8:00 PM and remained elevated until 2:00 AM, but returned

to the basal level by 8:00 AM. CCA1 and TOC1 transcript

levels were examined as positive controls for circadian

rhythm (Wang and Tobin, 1998; Strayer et al., 2000).

CCA1 and TOC1 mRNA displayed circadian rhythms, con-

sistent with previous observations (Figures S13C). These

results indicate that both AtABA1 and AtNCED3 mRNA

levels display diurnal fluctuation. However, the degrees

of fluctuation of mRNA levels were less than 2-fold. More-

over, the oscillation patterns of these mRNA levels did not
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overlap with that of ABA levels. These results suggest that

de novo synthesis of ABA may not contribute significantly

to the rise in ABA levels at 2:00 PM.

Next, we examined whether AtBG1 contributes to the

diurnal fluctuation of ABA levels by the polymerization-

mediated activation of AtBG1. Total protein extracts

from rescued atbg1 plants grown under normal conditions

at different time points were fractionated using a gel filtra-

tion column and analyzed by western blotting using an

anti-HA antibody. Interestingly, higher molecular weight

AtBG1 showed diurnal fluctuation (Figures 6B and 6C).

Levels peaked at 2:00 PM, followed by a rapid decline,

and were lowest at 8:00 AM. At 2:00 PM, approximately

half the total AtBG1 existed in the higher molecular weight

forms, whereas at 8:00 AM, less than 10% high molecular

weight AtBG1 was observed. The concentration of high

molecular weight AtBG1 correlated significantly with the

Figure 6. The Amount of the Higher Molecular Weight Forms

of AtBG1 Fluctuates Diurnally in Proportion to the ABA Level

(A) The diurnal fluctuation of ABA levels. ABA was measured at the

indicated time points from plants (18 days old) grown on soil in a green

house under a 12/12 hr light/dark cycle and 70% RH at 20�C. Error

bars = SD (n = 3).

(B) Gel filtration analysis of AtBG1:HA in rescued atbg1 plants through-

out a day.

(C) Higher molecular weight AtBG1 (fractions 1 to 6) was quantified, as

described in Figure 5D. Error bars = SD (n = 3).
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increase in ABA content in leaf tissues during the day,

strongly suggesting that the polymerization-mediated ac-

tivation of AtBG1 is responsible for the increased ABA

levels during diurnal fluctuation.

ABA Produced by AtBG1 Contributes to the Initiation

of Intracellular Signaling as well as to the Increase

in the Extracellular ABA Level

Earlier studies show that ABA injected into cells initiates

ABA signaling, possibly via an intracellular receptor (Allen

et al., 1994; Levchenko et al., 2005). We investigated

whether ABA generated by AtBG1 in the ER plays a role

in signaling. A chimeric gene, RD29A-Luc, comprising

RD29A, a strong ABA and osmotic stress-inducible pro-

moter (Yamaguchi-Shinozaki and Shinozaki, 1994; Hwang

and Sheen, 2001), and the luciferase coding region, was in-

troduced into protoplasts prepared from atbg1, WT, and

rescued atbg1 plants. The luciferase activity was mea-

sured in these protoplasts (Figure 7A). Luciferase activity

in atbg1 protoplasts was 50% of that of the WT, while

that in rescued atbg1 transgenic plants was 170% of that

of WT. The lower level of luciferase activity in atbg1 proto-

plasts was restored to the WT level in the presence of tran-

siently coexpressed AtBG1:HA. To obtain independent

evidence, the concentration of nitric oxide (NO), a down-

stream mediator of ABA signaling (Guo et al., 2003), was

determined using 4,5-diaminofluorescein diacetate (DAF-

2DA). Protoplasts were prepared from plants subjected

to dehydration stress in the presence of fluridone, and

stained with DAF-2DA to determine the NO content. The

fluorescence intensity was significantly stronger in res-

cued atbg1 and weaker in atbg1 protoplasts, compared

with WT (Figures 7B and 7C). These findings indicate that

ABA produced by AtBG1 in the ER contributes to an in-

crease in intracellular levels for ABA signaling.

ABA exogenously applied to cells initiates signaling

(Anderson et al., 1994; Schroeder et al., 2001). We inves-

tigated the possibility that ABA generated by AtBG1 might

contribute to an increase in extracellular ABA levels. Intra-

cellular and extracellular ABA levels were measured sep-

arately for WT and atbg1 plants (Figure 7D). Although the

intracellular ABA level in atbg1 plants was slightly lower

than that in the WT, the extracellular ABA level in atbg1

plants was 30% of the WT level, indicating that the muta-

tion in AtBG1 has a marked effect on the extracellular ABA

level (Figure 7D). However, ABA and ABA-GE levels in xy-

lem saps were not significantly different between WT and

atbg1 plants (Figure 7E). These results strongly suggest

that ABA generated by AtBG1 in the ER is secreted from

cells into the apoplastic space of the leaf where it may

play a role in initiation of ABA signaling.

DISCUSSION

In this study, we demonstrate that in addition to the de

novo ABA biosynthesis (Qin and Zeevaart, 1999; Seo

and Koshiba, 2002), the b-glucosidase homolog AtBG1

generates ABA from ABA-GE. Previously, ABA-GE was
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thought to be biologically inert and to not constitute

a stored form (Dietz et al., 2000) although Sauter et al.

(2002) suggested that it contributes to homeostasis of

ABA. Arabidopsis has intracellular and extracellular ABA-

GE-hydrolyzing activities, and AtBG1 constitutes the

major proportion of intracellular activity (Figure S7) and

plays a critical role in the increase of extracellular ABA

Figure 7. ABA Produced by AtBG1 Contributes to Initiation of

Intracellular ABA Signaling as well as to the Increase of the
Extracellular ABA Levels

(A) Protein extracts from protoplasts transformed with the indicated

constructs were used to measure activities of luciferase and b-glucu-

ronidase. Luciferase activity was normalized, based on the level of

b-glucuronidase activity. WT, wild-type. Error bars = SD (n = 3).

(B and C) Nitric oxide levels. Plants were subjected to dehydration

stress in the presence of 1.0 mM fluridone. Protoplasts were prepared

from plants subjected to stress and stained with DAF-2DA. All images

were taken using the same exposure time (B). The intensity was quan-

tified (C). Error bars = SD (n = 50; p < 0.05).

(D) ABA was measured in intracellular extracts and extracellular wash-

ing fluids as described in the Experimental Procedures. FW, fresh

weight. Error bars = SD (n = 3).

(E) ABA and ABA-GE levels in xylem saps were measured as described

in the Experimental Procedures. Error bars = SD (n = 3).
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levels (Figure 7D). Extracellular ABA-GE hydrolyzing activ-

ity was previously reported in barley (Dietz et al., 2000;

Sauter et al., 2002). Under dehydration stress conditions,

AtBG1 increased the ABA level significantly via two dis-

tinct mechanisms: induction of AtBG1 transcripts and

posttranslational activation (Figures S2A and S2C and Fig-

ure 5). AtBG1 expression was detected in most of the

seed cells and highly specific to hydathodes in vegetative

tissues (Figure S2B). During dehydration stress, AtBG1

expression was increased in the vasculature of leaves as

well as hydathodes (Figure S2C). In addition, AtBG1 enzy-

matic activity was activated 4-fold by dehydration (Fig-

ure 5B) via polymerization to the higher molecular weight

forms (Figure 5), which enables plants to accomplish rapid

increases in ABA levels in response to dehydration. Fur-

thermore, through the polymerization-mediated activa-

tion, AtBG1 contributed to the diurnal increase in ABA

levels under normal growth conditions that do not affect

AtBG1 expression (Figure 6 and Figure S13).

The current model indicates that increases in ABA levels

occur primarily through de novo biosynthesis under nor-

mal and abiotic stress conditions (Seo and Koshiba,

2002; Nambara and Marion-Poll, 2005). Gene encoding

enzymes involved in ABA biosynthesis are induced by abi-

otic stress (Iuchi et al., 2000; Seo et al., 2000), suggesting

that de novo synthetic pathways are activated under these

conditions to increase ABA levels. In this study, using

atbg1 and rescued atbg1 plants, we clearly demonstrate

that ABA produced by AtBG1 also plays an important

role in various physiological responses under normal and

abiotic stress conditions. Despite the presence of the in-

tact de novo biosynthetic pathways, atbg1 plants dis-

played a variety of ABA-deficient phenotypes, including

earlier germination, sensitivity to dehydration stress, and

defects in stomatal closure (Figures 1 and 4D), similar to

numerous ABA biosynthetic mutants (Marin et al., 1996;

Leon-Kloosterziel et al., 1996). In fact, atbg1 plants display

more severe defective phenotypes in growth and ABA-

mediated responses than aba2 plants, which are one of

most severe ABA-deficient mutants (Cutler and Krochko,

1999; Seo and Koshiba, 2002) (data not shown). Under de-

hydration conditions, rescued atbg1 plants overexpress-

ing AtBG1 accumulated higher levels of ABA than WT

plants and displayed enhanced tolerance to dehydration

stress (Figures 1G and 1H). These results highlight the im-

portance of AtBG1 in providing the requisite ABA for cel-

lular responses to dehydration stress.

AtBG1 localizes to the ER (Figure 3 and Figure S5),

whereas the final steps of de novo synthesis occur in the

cytosol (Cutler and Krochko, 1999; Seo and Koshiba,

2002). These findings indicate that ABA is produced in

two distinct subcellular locations by two different path-

ways. Therefore, one possible hypothesis to explain the

discrepancy between our data and the current model is

that AtBG1 in the ER contributes to the active pool of

ABA for rapid physiological responses under normal and

stress conditions, whereas ABA synthesized de novo par-

ticipates in the overall increase in free ABA. De novo ABA
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biosynthetic pathways, together with ABA glucosyltrans-

ferase (Xu et al., 2002), also may contribute to increase

in the conjugated ABA levels (Cutler and Krochko, 1999).

Consistent with this theory, our results showed that the

AtBG1-mediated increase in the ABA level in rescued

atbg1 plants is dependent on the de novo synthesis of

ABA (Figure 4C and Figure S10).

The issue of why plants rely on ABA produced from ABA-

GE by AtBG1 in response to dehydration stress remains to

be resolved. Plants are subjected to ever-changing envi-

ronmental and physiological conditions, and accordingly,

need to constantly fine-tune the active pool of ABA in rela-

tion to the severity and duration of stress. Production of

ABA from ABA-GE by AtBG1 is just a one-step process,

compared with the lengthy and complex de novo biosyn-

thetic pathways. Thus, this pathway is ideal for rapid in-

crease of the ABA content necessary for plants to meet

physiological needs. Another elegant mechanism is the

rapid activation of AtBG1 through dehydration-induced

polymerization, which enables plants to increase ABA

levels robustly in a short time under dehydration conditions

(Figure 5). Furthermore, plants use AtBG1 to adjust the ac-

tive pool of ABA for physiological responses without acti-

vating dehydration signaling, as demonstrated by the

data showing that polymerization-mediated AtBG1 activa-

tion is responsible for diurnal increases in ABA levels under

normal growth conditions (Figure 6 and Figure S13).

In plant leaves, ABA-GE is stored in the vacuole and apo-

plastic space (Dietz et al., 2000), whereas AtBG1 is local-

ized to the ER (Figure 3 and Figure S5). One possible expla-

nation is that AtBG1 and its substrate are stored separately

in the cell, and only brought together when cells need to in-

crease the ABA content, as in the case of abiotic stress

conditions (Qin and Zeevaart, 1999; Cutler and Krochko,

1999). In this situation, the amount of ABA produced by

AtBG1 may be controlled precisely and rapidly to meet

plant requirements. Indeed, overexpression of AtBG1 per

se increased the endogenous ABA level only slightly in

both leaves and roots (Figure 4C and Figure S10). In con-

trast, the ABA content increased 20-fold under dehydra-

tion conditions (Figure 4C). The enhanced ABA content in

plant cells correlated directly with the higher ABA produc-

tion ability of AtBG1 in the ER (Figure 3D), suggesting that

dehydration stress acts as a signal to transport ABA-GE

stored in the vacuole or apoplastic space to the ER. Con-

sistent with this hypothesis, we observed that ABA-GE is

actively imported into the ER via the ER membrane

(Figure 3C). It would be interesting to identify the trans-

porters responsible for ABA-GE transport. Thus, under de-

hydration conditions, the amount of ABA-GE supplied for

AtBG1 in the ER lumen may be increased. Dehydration-in-

duced activation of both AtBG1 and the putative trans-

porter in the ER membrane may result in rapid production

of ABA from ABA-GE within a brief time.

Another important issue that needs to be resolved is the

site of action of ABA produced by AtBG1 in plant cells. Our

results demonstrated that ABA generated by AtBG1 in the

ER contributes to ABA-mediated signaling in at least two
Inc.



different ways. One way is through the increase in the in-

tracellular ABA. This conclusion is based on two lines of

evidence; the expression of the luciferase reporter gene

under the control of the RD29A promoter (Yamaguchi-

Shinozaki and Shinozaki, 1994; Hwang and Sheen,

2001) was increased by transiently expressed AtBG1 in

protoplasts (Figure 7A), and the levels of NO, a down-

stream mediator of ABA, were respectively lower and

higher in atbg1 and rescued atbg1 protoplasts, compared

with the WT (Figures 7B and 7C). This is consistent with

previous studies showing that intracellular ABA initiates

ABA-mediated signaling (Allen et al., 1994; Levchenko

et al., 2005). The other way ABA generated by AtBG1 in

the ER contributes to ABA-mediated signaling is through

the increase in extracellular ABA levels, as observed pre-

viously (Anderson et al., 1994; Schroeder et al., 2001). This

is based on data showing that the extracellular ABA level

in atbg1 plants was 30% of the WT level (Figure 7D).

Thus, ABA generated by AtBG1 in the ER is probably se-

creted into the extracellular space where it may contribute

to ABA signaling locally. It could also diffuse to neighbor-

ing cells through the apoplastic space. However, ABA

generated in the ER by AtBG1 may not be transported to

other tissues over long distance through the xylem system

in the absence of stress (Figure 7E).

EXPERIMENTAL PROCEDURES

Growth of Plants

Unless specified otherwise, Arabidopsis plants (ecotype Columbia)

were grown either on MS plates at 20�C in a culture room or in soil in

a greenhouse under a condition of 70% relative humidity (RH) and

a 16/8 hr light/dark cycle at 20�C–23�C.

Assay of AtBG1 Activity In Vitro

Cell extracts from transformed protoplasts were prepared as de-

scribed previously (Jin et al., 2001). Immunopurification of AtBG1:HA

using an anti-HA antibody was performed as described previously

(Cutler, 2004). Immunopurified AtBG1:HA proteins were incubated

with ABA-GE (1 nmol) (Apex Organics LTD, Devon, UK) in 1.0 ml of

100 mM citrate buffer (pH 5.5) for 1.5 hr at 37�C, and the reaction prod-

ucts were separated by HPLC using a prepacked RT 250-4 column

(MERCK) containing 40% methanol, 0.1 M acetic acid, and 10 mg/L

butylated hydroxytoluene as the solvent.

To assay ABA-GE hydrolyzing activity from microsomes, proto-

plasts were prepared from leaf tissues of rescued atbg1 plants and

transformed with AtERD2:GFP (Takeuchi et al., 2000). Transformed

protoplasts were homogenized in lysis buffer (25 mM HEPES [pH

7.0], 250 mM sucrose, 10 mM MgCl2, 1 mM DTT), and centrifuged at

10,000 g at 4�C for 5 min to remove debris. Homogenates were sepa-

rated into supernatant and pellet (microsomal) fractions by ultracentri-

fugation at 100,000 g at 4�C for 1 hr. The microsomal fraction was

resuspended in lysis buffer and further treated with thermolysin

(10 mg/mL) or Triton X-100 (1%) on ice for 30 min. Samples were diluted

10-fold with lysis buffer and used to assay ABA-GE hydrolyzing activity

in 1.0 ml lysis buffer with 100 pmol ABA-GE at 37�C for 1 hr. The activity

was normalized by the total amount of microsomal proteins deter-

mined by the Bradford solution.

Measurement of Endogenous ABA and ABA-GE

Seed, leaf, and root tissues ground in liquid nitrogen were extracted

with 80% methanol at 4�C for 3 hr. The methanol extracts were centri-

fuged at 3000 g for 10 min to remove debris and freeze-dried at�70�C.
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The powder was dissolved in TBS buffer (25 mM Tris-HCl [pH 7.5], 100

mM NaCl, 0.1 mM MgCl2, 0.3% NaN3) and fractionated by HPLC

equipped with a C18 column (J.T. Baker, Phillipsburg, NJ) (Ali-Rachedi

et al., 2004). The peak corresponding to ABA was quantified by ELISA

with an anti-ABA antibody in accordance with the manufacturer’s pro-

tocol (Banowetz et al., 1994). The extracellular washing fluids were

prepared as described previously (Dietz et al., 2000). Details for

harvest of xylem sap of Arabidopsis to measure ABA and ABA-GE

are described in the Supplemental Experimental Procedures.

Localization of AtBG1:HA and Endo H and PNGase F Treatment

Localization and endo H treatment were carried out as described pre-

viously (Park et al., 2004). Details are described in the Supplemental

Experimental Procedures.

Fractionation of AtBG1 Using Gel Filtration Column

Chromatography

To fractionate AtBG1:HA from rescued atbg1 plants, leaf tissues were

homogenized in grinding buffer (50 mM sodium phosphate [pH 7.0],

0.15 M NaCl, 0.02% NaN3, 1.0 mM DTT, 0.1% Triton X-100). Homog-

enates were centrifuged at 14,000 g for 5 min to remove debris, and the

supernatant was applied to a Sephacryl S-300 high-resolution column.

Proteins were eluted using the homogenization buffer without Triton

X-100 at a flow rate of 0.5 ml/min in a fraction volume of 3.0 ml. Frac-

tions were analyzed by western blotting using an anti-HA antibody.

Supplemental Data

The Supplemental Data for this article can be found online at http://

www.cell.com/cgi/content/full/126/6/1109/DC1/.
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