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A Protein Phosphatase 2C Involved in ABA Signal - 

Transduction in Arabidopsis thaliana 

Knut Meyer, Martin P. Leube, Erwin Grill* 
The plant hormone abscisic acid (ABA) mediates various responses such as stomatal 
closure, the maintenance of seed dormancy, and the inhibition of plant growth. All three 
responses are affected in the ABA-insensitive mutant abil of Arabidopsis thaliana, sug- 
gesting that an early step in the signaling of ABA is controlled by the ABll locus. The ABll 
gene was cloned by chromosome walking, and a missense mutation was identified in the 
structural gene of the abil mutant. The ABll gene encodes a protein with high similarity 
to protein serine or threonine phosphatases of type 2C with the novel feature of a putative 
Ca2+ binding site. Thus, the control of the phosphorylation state of cell signaling com- 
ponents by the ABll product could mediate pleiotropic hormone responses. 

T h e  sesquiterpenoid plant hormone ABA 
is involved in many aspects of growth and 
development such as embryo development, 
seed dormancy, and adaptation responses 
toward low water potentials (I). Under 
conditions of water shortage, ABA induces 
the closure of leaf stomata and the forma- 
tion of specific proteins involved in the 
desiccation response. The amount of ABA 
increases during water stress, and high con- 
centrations of ABA inhibit plant growth. 

Abscisic acid affects the expression of 
several eenes involved in seed maturation 
and theYdesiccation response (2). The gene 
expression is modulated by ABA through a 
cis-acting regulatory element (3), for which 
a DNA binding factor has been identified 
(4). In maize and Arabidopsis, two structur- 
ally similar DNA binding proteins are in- 
volved in the control of seed maturation 
and dormancy (5).  Individual components 
that act in the signaling cascade of ABA in 
the stomatal response are just beginning to 
emerge. Inositoltrisphosphate and Ca2+ 
can evoke stomatal closure ( 6 ) ,  a process 
that requires the concerted regulation of at 
least four different ion channels, including 
channels for Ca2+ and anions as well as 

inward- and outward-rectifying K+ chan- 
nels (7). High-affinity binding sites for 
ABA at the cytoplasmic membrane of sto- 
matal guard cells have been identified (8) 
but not further characterized. 

The loci ABIl and ABI2 of Arabidopsis 
are possible candidates for the encoding of 
an ABA perception site or early steps in its 
signal transduction (9). Mutants of both 
loci were found to be ABA-insensitive and 
revealed pleiotropic alterations in their re- 
sponses toward ABA, whereas endogenous 
ABA levels and the catabolism of ABA 
were not affected. The dominant ABIl 
mutation is characterized by causing a wilty 
phenotype as well as ABA-insensitive seed 
germination and growth. 

We are interested in elucidating the 
individual steps that lead to the control of 
plant growth by ABA. In this report, we 
describe the identification of the Arabidopsis 
ABIl gene. The gene encodes a product 
that has sequenGe homology with the class 
of protein serine or threonine phosphatase 
2C. The ABIl gene product has the addi- 
tional features of a putative adenosine tri- 
phosphate (ATP) or guanosine triphos- 
phate (GTP) binding site and an amino- 
terminal extension with a possible CaZ+ 
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Technology, Universitatsstrasse 2, 8092 Zurich, Swit- The ABIl locus has been mapped to the 
zerland. chromosome 4 of Arabidopsis between the 
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3 -0 2 1.5 centimorgans (cM) distal from 
cer2 and 15.9 + 2.8 cM proximal from up2 
(1 0). We used molecular markers that re- 
veal restriction fragment length polymor- 
phism (RFLP) between different ecotypes of 
Arabidopsis to map the locus more closely 
(I I). The marker hAt600 cosegregated 
with the ABll locus. Only one recombina- 
tion event among 1032 F2 chromosomes 
analyzed was identified between the locus 
and the marker XAt600. Using the molec- 
ular marker as a probe, we screened yeast 
artificial chromosome (YAC) libraries of 
Arabdopsis (12) and identified several cor- 
responding YAC clones (1 3). End probes of 
these YACs, generated by inverse polymer- 
ase chain reaction (PCR) and by plasmid 
rescue of the left vector insert junctions 
(14), were used to extend the contiguous 
chromosomal fragments by the rescreening 
of the genomic libraries. Finally, a contig of 
overlapping YACs was established that ex- 
tends about 260 kb distal and 240 kb 
proximal to the starting marker on chromo- 
some 4 (1 5). 

The position of the ABIl locus was 
refined by the localization of the chromo- 
somal break points of previously identified 
recombinant chromosomes relative to new 
RFLP markers that were identified among 
subcloned fragments of the YAC contig. 
Thus, the location of the ABIl gene could 
be confined to a chromosomal fragment of 
141 kb bordered by the markers hAt600 
and cosIC9 (Fig. 1A). This chromosomal 
segment was cloned in three contiguous 
YACs, derived from DNA of the Arabidop- 
sis abil mutant (Fig. 1A). Subsequently, 
YAC DNA was isolated on a preparative 
scale by pulse field gel electrophoresis and 
subcloned as Hind 111 fragments into a 
binary cosmid vector in Escherichia coli 
(1 6). As a prelude to identify the dominant 
abil gene by its ability to confer the mutant 
phenotype, the cloned fragments in the size 
range of 12 to 25 kb were assembled into a 
single contig encompassing 145 kb and 
including the abil locus (1 6). Before the 
transformation of Arabdopsis, the cosmid 
clones were electroporated into Agrobacte- 
rium tumefaciens (1 7), and the integrity of 
the cloned Arabdopsis DNA fragments was 
examined by Hind 111 restriction digestion 
to test for instabilities such as those ob- 
served with other cosmid clones in A. 
tumefaciens (18). We did not observe any 
indication of instability; restriction patterns 
of cosmids propagated in E. coli and A. 
tumefaciens were identical, as were the pat- 
terns obtained by DNA blot analyses of 
Arabidopsis DNA with selected cosmids as 
probes (1 3). 

A total of 18 different genomic frag- 
ments were mobilized from Agrobacterium 
into Arabidopsis root explants (ecotype 
RLD) along with two selectable markers, a 

kanamycin resistance gene and a P-glucu- plants (R,, plants) were regenerated (19), 
ronidase reporter gene, which border the, and seeds of the individual transgenes (R1 
transfer DNA (T-DNA) (1 5). Transgenic seeds) were tested for ABA insensitivity by 

Fig. 1. Physical map of the ABll A 
locus relative to the chromosome 

2Lb walk contig. (A) The hatched bar YAC %A9 

signifies the starting point of the YAC W D 9  

walk (AAt6OO) to the ABll locus, YAC %7C6 
indicated as a solid bar. Open 
bars represent other polymorphic ,4811 
DNA fragments used to localize /- 

recombination breakpoints. Mark- Mt600 coslVAl coslC9 cos3883 

ers coslC9 and coslVAl are sub- 
cloned fragments of YAC S4A9 
and YAC S47C6, respectively, 
which were isolated from a ge- 
nomic library of the abi7 mutant. 
Inverted triangles indicate the two B lllC3 
closest breakpoints proximal and lllD5 I I 
distal to ABI1. The single break- lllF8 I I 
point detected between the ABll llA4 I I 

locus and coslC9 represents one I I 
lllA7 1 I 

out of 60 recombination events 11186  I I 
identified between the locus and I I 

the marker cos3883. The genetic 
0 

0 \ 
distance between markers \ . 
AAt600 and cos3883 is 11.3 cM. 
(B) Subcloned fragments of YAC 
S4A9 shown as solid lines on 
which Hind I l l  restriction sites are 

0 
0-  -\ 

\ 

,4811 
S- ---" ';,3 

Hind I l l  Hind Ill Hind I l l  

indicated by ticks. The two frag- 
ments capable of conferring ABA insensitivity, lllD5 and lllF8, contain a 0.6-kb fragment indicated 
by hatched vertical lines that is missing on other fragments of the contig. The position of the ABll 
exons corresponding to a 2.0-kb cDNA clone is marked by a solid bar on the schematic genomic 
region and is magnified for better visibility of introns (shown as thin lines), including three Hind I l l  
restriction sites. 

Number of seed batch Time (min) Xme (days) 

Fig. 2. Analyses of ABA-mediated responses of Arabidopsis. (A) The rate of seed germination in the 
presence of 3 pM (R,S)-cis,trans-ABA (Sigma), determined from 50 seeds of Landsberg erecta (I) ,  
RLD (2), and abil mutant, genotype Landsberg erecta (3), after 5 days. In addition, the germination 
rate was assessed in R, seeds of RLD regenerates transformed with the T-DNA of the binary cosmid 
clone llA4 (4) (32 seeds tested), lllF8 (5) (36 tested), lllD5 (6) (42 tested), and lllC3 (7) (30 tested). 
The analysis was performed as mentioned in (9). Germination without ABA was at least 95%. 
(B) The desiccation of excised leaves at room temperature, monitored as a function of time. Four 
leaves at approximately the same developmental stage and size from single 3-week-old plants of 
Landsberg erecta (open circles), RLD (filled circles), abil mutant (open squares), and R, plants of 
RLD::IIID5 (filled squares) were analyzed by weighing (9). The assay was performed with three 
single plants each. The SD is indicated by vertical lines. (C) The growth of roots in the presence of 
20 pM ABA, determined after transfer of 4-day-old seedlings of Landsberg erecta, RLD, abil 
mutant, and R, plants of RLD::IIID5 onto ABA-containing medium [(symbols are as in (B)]. The 
results represent the average growth of 12 seedlings each, which were analyzed as mentioned in 
(33) with the modification that the medium contained only ABA as a plant hormone. The SD is 
indicated by vertical lines. The root growth of seedlings transferred onto control medium without 
ABA was 18.9 + 1.2, 16.7 ? 0.9, 14.7 + 1 .O, and 16.6 -t- 0.8 mm for Landsberg erecta, RLD, abil 
mutant, and R, plants of RLD::IIID5, respectively, for 5 days. 
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ABIl MEEVSPAIAGPFRPFSETQMDFTGIRLGKGyCNNQYSNQDSE^raDI^IVSLPETSSCSVSGSHGSESRKVLISRINSPNLNMKESAAADIVVVDISAGDEING 

103 ...DGHDO. .. 
ABIl SDVTSEKKMISRTESRSLFEFKSVPLY<ffTSIC<RRPEMBI»VSTIPRFLQSSSGSMLTC^ 
PTC1 MSNHSEILERPTPYDITYRVGVAENKNSKFRRTMEDVHTYVKNF ASRLDMG YPAVFlXmAOIQASKWOGKHLHTIIEQNILA 

RPP2C MGAFLDKPKMEKHNAQGQGNGLRYGLSSMQGWRVEMBnAHTAVIGL PSGLETMS FFAVYDQHAGSQVAKTCCEHLLDHITNN-QD 
LPP2C MGIPLPKPVMTQLQERYGNAIFRCQSNCVNG5fRETMEI»HLTYLT DSW3 FFGVFDGHVNDQCSQYL ERAW 

203 
ABIl EKPMLCDGDTWLEKWKKALFNSELRVDSBI ESVAPETVGSTSWAW FPSHIFVAHCGDSRAVIICRGKTALPIISVIHK 
PTC 1 DETRDV RDVLNDSFLAIDEBI NTKLVGNSOCTAAVCVLRWELPDSVSDDSMDLAQHQRKLYTAMVGDSRI VbFRNGNS IRMYEHK 

RPP2C FKGSAGAPSVENV—KNGIRTGFLEIDEHMRVMSEKKHGADR8GSTAVGVLI SPQHTYFI - -MCGDSRGLIiCRNRKVHFFTQBHK 
LPP2C RSAIEKESIPMTD ERMKELAItflDQBWM DSGREGGSTGTFFYALK EGNKVHLQVGMVGDSRWACIDGVCVPM'EBHK 

281 
ABIl PDREDBAARIBAAGGKVICJWNGAIWFSVIAMaRSIGDRYLKPSIIPDEEVTAVKRVKB EDCLHASDGVUDV-MTDEBACEMARKRILLW 
PTC1 ASDTLBMQRVEQXGGLIMK SRWNGMIAVTRSLOJKFFDSIiWGSPFTTSVEITSB EKPLIIACDGLWDV- IDDQDACELIK 

RPP2C PSNPLBKERIQNAGGSVMI QIWNOSIAVSRALGDFDYKCVHGKGPTEQLVSPEPE\mDIERSEEDDQFIIIJM3X3IWDV-MGNBBLCDFVRSRL 
LPP2C PNNEGBRQRIBNCAQRVEN- - -NRVDOSIAVSRAFGDRE YKLGSG- SQLEQKVIALADVQHKDFTFDSNDFVLLCCDGVFEGNFPNBBWAYVKQQL- - -

371 
ABIl HKKNAVAGDASLLADERRKBGKDPAAMSAAEYLSKLAIQRG8KI»ISVVVVDLKPRRKLKSKPLN 
PTCl DITEPNE—AAKVLVRYALENOTTHIVTVMWFL 

RPP2C BVTD-DLEKVOJEVVDTCLYKGSRlWMS\rCLICFPNAPKVSAEAVKKEAELDKYLENRVEEIIKKC3GEGVPD 
LPP2C EK^-DIAEVXSRVCEEAIERGSRllIISCMIVQFKIXSSDYAAEPHTTVVPGPFSAPRNSGFRKAYESMADKG 

Fig. 3. Comparison between the predicted amino acid sequences of the ABU gene product and of 
the protein serine or threonine phosphatases of Saccharomyces cerevisiae PTC1 (26), rat RPP2C 
(25), and Leishmania LPP2C (27). Amino acids identically conserved in three out of four aligned 
sequences are printed in boldface. The putative binding sites for Ca2+, DISAGDEINGSDV (34), and 
for ATP or GTP as a P-loop structure (35), AVLCRGKT, are marked by overstriking lines. The glycine 
substitution by aspartic acid in the abil mutant gene product that is flanked by conserved residues 
(DGH and G) is aligned above the corresponding WT residues. The primary structures were aligned 
with the PILEUP program (23) and are shown in the single-letter code. The dots indicate a 
continuing amino acid sequence, and dashes mark gaps introduced by the alignment of the protein 
sequences. 

their ability to germinate in the presence of 
3 |xM ABA, a concentration that is com­
pletely inhibitory to wild-type seeds under 
the conditions tested. Seeds that contain 
an additional single copy of the abil mutant 
gene germinate. Two genomic fragments 
(Fig. IB) of the cosmid contig, IIID5 and 
IIIF8, could confer an ABA-insensitive 
phenotype, in contrast to the fragments 
IIIA7, IIA4, and IIIC3. The independent 
Rx seed batches of the cointegrates 
RLD::IIID5 (42 and 15 Rx seeds, respective­
ly) and RLD::IIIF8 (36 and 43 Rx seeds, 
respectively) germinated with a frequency 
of 65 to 100% (42 and 13 seeds, and 32 and 
28 seeds, respectively) in the presence of 
ABA (Fig. 2A). The nonsegregating mu­
tant phenotype among the progeny of one 
RLD::IIID5 transgenic plant indicated that 
the original transformed plant had integrat­
ed two or more genetically unlinked copies 
of the mutant gene. In support of this view, 
29 seedlings that were tested for the kan-
amycin marker were all resistant to the 
antibiotic. This Rx progeny was also exam­
ined for ABA sensitivity to both the sto-
matal response (Fig. 2B) and root growth 
(Fig. 2C). All siblings of the transgenic 
plant examined revealed the ABA-insensi­
tive phenotype of the abil mutant. Seed 
material (at least 25 seeds examined each) 
of two, four, and six independent trans­
genic plants containing the fragments 
IIIA7, IIA4, and IIIC3, respectively, all 
showed ABA sensitivity typical of the wild 
type. The seed material was obtained from 
R0 plants that expressed both kanamycin 
resistance and 0-glucuronidase as an indi­
cation of the complete transfer and integra­
tion of the T-DNA into the plant genome. 
The cosmid clones used to produce these 
transgenic plants lacked a 0.6-kb fragment 
present on the two clones conferring ABA 
insensitivity (Fig. IB), indicating that the 
ABIl gene is entirely or, more likely, par­
tially located on this fragment. 

Therefore, we screened a complemen­
tary DNA (cDNA) library of Arabidopsis 
(20) using this 0.6-kb fragment and the two 
flanking Hind III fragments (Fig. IB) as a 
probe and identified seven corresponding 
cDNA clones among 320,000. All clones 
represented transcripts of a single gene. The 
clone \abil-7 containing a 2.0-kb cDNA 
insert was used to localize the position of 
the gene exons on the physical map of the 
cosmid contig in a DNA blot analysis. 
Indeed, part of the cloned cDNA was found 
to be homologous to the 0.6-kb fragment 
(Fig. IB). We conclude from these results 
that the ABIl gene was identified. In an 
RNA blot probed by the cDNA, a single 
transcript of approximately 2.1 kb was de­
tected. No apparent difference in size was 
detected in RNA of wild-type, abil mutant, 
or the allelic mutant abil -3 (21). Sequence 

analysis of the cDNA clone [1963 base pairs 
(bp)] revealed an open reading frame of 
1302 bp from the presumed start codon, 
400 bp of sequence preceding the start 
codon, and 246 bp after the translation stop 
codon as well as a polyadenylated 
[poly(A) +] tail of 12 bases (22). The pro­
tein product is expected to have 434 amino 
acids. Comparison of the cDNA with the 
genomic sequence (22) indicates that the 
gene has three introns. 

The predicted protein sequence is simi­
lar to that of protein phosphatases 2C (Fig. 
3) (23). Indeed, the ABIl gene product 
heterologously expressed in E. coli exhibits 
Mg2+-dependent protein phosphatase ac­
tivity (24). The degree of homology in the 
carboxyl-terminal domain (residues 100 to 
434) of the ABIl gene product (35% iden­
tity and 57% similarity to a mammalian 
protein phosphatase 2C, respectively) is as 
high as the structural homology among the 
protein phosphatases 2C from rat (25), 
yeast (26), and Leishmania (27). Among 
the characterized phosphatases of this type, 
only the ABIl product has the feature of an 
amino-terminal extension of approximately 
100 amino acids with the conserved struc­
tural motif of a Ca2 + binding site (23) at 
residues 93 to 105 (Fig. 3). Present in the 
amino-terminal domain is the sequence 
RLGK-[X]8-N-[X]10-SLPE (28) (residues 26 
to 52), which is identically preserved in the 
Ca2 + binding subunit of calcineurin from 
mammals and Drosophila (23). In addition, 
a putative ATP or GTP binding site AVL­
CRGKT (residues 264 to 271), which fits 
within the consensus motif A- or G-[X]4-
GK-S or -T (23), is present in the deduced 
primary structure of the ABIl product. The 
divergence from wild type occurs in the 

structural part of the abil mutant gene (22), 
where a nucleotide base transition from 
guanine to adenine changes the DNA se­
quence GGC to GAC, thus causing the 
wild-type glycine180 residue to be replaced 
with aspartic acid (Fig. 3). The dominant 
nature of the mutation could be due to a 
constitutively active abil gene product; for 
instance, the ABA signal could lead to the 
inactivation of the phosphatase activity in 
the wild-type but not in the mutant form or 
be due to a dominant negative mutation, as 
exemplified by complex poisoning. Even a 
mutation that causes an alteration of the 
substrate specificity of the gene product 
could be responsible for the dominant phe­
notype. The biochemical analysis of wild-
type and mutant forms is required to help 
clarify this point. 

Protein phosphatases of the type 2C are 
considered to be Mg2+-dependent serine or 
threonine phosphatases localized in the cy­
toplasm (29). Protein serine or threonine 
phosphatases are also involved in signaling 
processes, such as calcineurin (type 2B) in 
T cell activation (30). A calcineurin-like 
protein phosphatase has been implicated in 
the regulation of stomatal aperture by the 
mediation of Ca2+-induced inactivation of 
potassium channels (3l)y a process also 
elicited by ABA (7). The ABIl gene prod­
uct is conceivably a candidate for this cal­
cineurin-like protein in guard cells because 
it regulates stomatal aperture and has some, 
if limited, structural homology to calcineu­
rin B. However, the action of the ABIl 
protein is not restricted to the control of 
stomatal opening. The ABIl protein also 
exerts control of germination and growth, 
its function in this respect resembling that 
of protein serine or threonine phosphatases 
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that has been identified in yeast as playing a gentle resuspension in ice-cold water and their 

crucial role in the control of growth (26, subjection to pelleting as mentioned above. Final- 
-. Iv. 0.4 ml of cell sus~ension adiusted to OD,,, = 
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Estrogen Receptor-Associated Proteins: Possible 
Mediators of Hormone-Induced Transcription 

Shlomit Halachmi, Emily Marden, Glover Martin, 
Heather MacKay, Ciro Abbondanza, Myles Brown* 

The estrogen receptor is a transcription factor which, when bound to estradiol, binds DNA 
and regulates expression of estrogen-responsive genes. A 160-kilodalton estrogen re- 
ceptor-associated protein, ERAPIGO, was identified that exhibits estradiol-dependent 
binding to the receptor. Mutational analysis of the receptor shows that its ability to activate 
transcription parallels its ability to bind ERAPI 60. Antiestrogens are unable to promote 
ERAPI 60 binding and can block the estrogen-dependent interaction of the receptor and 
ERAPI60 in a dose-dependent manner. This evidence suggests that ERAPI60 may 
mediate estradiol-dependent transcriptional activation by the estrogen receptor. Further- 
more, the ability of antiestrogens to block estrogen receptor-ERAPI 60 complex formation 
could account for their therapeutic effects in breast cancer. 

T h e  estrogen receptor (ER) is a member 
of a superfamily of nuclear receptors for 
small hydrophobic ligands including the 
steroid hormones, thyroid hormone, vita- 
min D, and the retinoids (1). As a class, 
these receptors are transcription factors 
that are regulated allosterically by ligand 
binding. Extracellular estradiol freely dif- 
fuses across the cell membrane and binds 
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ER, leading to ER dimerization and to 
tight binding of ER to its specific DNA 
target, the estrogen responsive element 
(ERE). After ERE binding, the liganded 
ER activates transcription by as yet un- 
known mechanisms. Although the targets 
of ER activation in breast cancer are 
unknown, they are believed to be critical 
for cellular proliferation because a large 
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