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transduction in Arabidopsis
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Abstract The abi2-1 (abscisic acid insensitive) mutant of
Arabidopsis thaliana shows abscisic acid (ABA) insensitivity
with respect to seed germination and vegetative ABA responses.
We identified the 4BI2 gene by a combination of positional
mapping and homology to ABII1. The ABI2 protein shows 80%
amino acid sequence identity to ABI1, a protein phosphatase 2C
(PP2C) involved in ABA signaling. The mutation that confers the
abi2-1 phenotype is equivalent to the mutation previously
identified in abil-1 and the resulting Gly'®®Asp abi2 protein
shows a reduced PP2C activity. Thus, a pair of highly
homologous PP2Cs regulate ABA signaling.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

The plant hormone abscisic acid (ABA) is involved in many
aspects of plant growth and development, such as seed matu-
ration and dormancy, as well as responses to environmental
stresses such as cold, drought or salinity [1,2]. Upon water
deficit, ABA levels increase [3,4] and the ABA signal induces
stomatal closure thereby reducing transpirational water loss.
Regulation of stomatal aperture is mediated by rapid and
slow ionic currents in guard cells. The multiplicity of ionic
currents triggered by ABA in guard cells has been profusely
studied [5,6]. ABA also exerts an important effect through
changes in gene expression [1]. Numerous genes are transcrip-
tionally upregulated by ABA [7] and intense efforts have been
made to characterize the cis- and trans-acting elements that
mediate the ABA-induced changes at the transcriptional level
[8-11]. In contrast, the elements of ABA perception and early
signal transduction are yet unknown. As a common topic in
signal transduction, protein phosphorylation also seems to
play an important role in ABA signaling. Several protein kin-
ases that are activated by ABA have been described [12-15].
On the other hand, phosphatases, as antagonists of kinases,
are expected to serve an important function as well. Thus,
ABII1, a protein phosphatase 2C (PP2C) with a distinctive
N-terminal extension, was identified in the regulatory pathway
of seed and vegetative ABA responses [16,17]. Second messen-
gers such as pH, Ca?" and inositol-1,4,5-trisphosphate have
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been implicated in ABA signaling [18,19]; however, the iden-
tification of additional components is required to unravel the
molecular mechanism of the ABA action. In this scenario,
Arabidopsis molecular genetics offers a powerful tool to dis-
cover new elements of the ABA signal transduction pathway.
Arabidopsis mutants with reduced or enhanced sensitivity to
ABA have been isolated and, in some cases, the affected gene
has been identified. The loss-of-function mutation in the eral
locus, which encodes the B-subunit of a protein farnesyl trans-
ferase, confers an enhanced response to ABA in embryos [20].
Conversely, the abil, abi2 and abi3 (abscisic acid insensitive)
mutants show a reduced sensitivity to ABA [21]. ABI3, a
transcriptional activator [22], acts in ABA signaling during
seed development [23] while the ABII and ABI2 loci addition-
ally mediate the ABA regulation of vegetative functions. The
abil and abi2 mutants show common phenotypes in that both
reveal a reduced dormancy of the seeds, a lesion in stomatal
regulation, as well as a reduced inhibition of growth by ABA
[21]. We report here the identification and characterization of
the ABI2 locus that was independently cloned recently [24].
The gene product of ABI2 is 80% identical to ABIl protein
and the mutated abi2 protein reveals reduced protein phos-
phatase activity.

2. Materials and methods

2.1. Plant material

The Arabidopsis thaliana (L.) Heynh. ecotypes used in this study
were the Landsberg erecta (La-er), Niederzenz (Ndz) and Columbia
(Col) wild types. The abi2 mutant derives from an ethylmethane sul-
fonate-mutagenized population of La-er M2 seeds and was kindly
provided by Dr. M. Koornneef, Wageningen, The Netherlands. The
abi2 mutant was backcrossed to the wild type twice before experimen-
tal use to remove unlinked background mutations. Arabidopsis was
grown at 22°C under a 16 h light, 8 h dark photoperiod at 100 uE
m~2 s and cultivated in a perlite-soil mixture.

2.2. Mapping techniques

In order to compare the segregation of the abi2 mutation with
respect to Arabidopsis molecular markers, 450 individual F, plants
were generated from a cross between the homozygous abi2 mutant
(La-er ecotype) and a wild type (Ndz ecotype). Restriction fragment
length polymorphism (RFLP) mapping was performed with molecular
markers as described [25]. Screening of yeast artifical chromosome
(YAC) libraries [26,27] was carried out according to [27].

2.3. Identification of cDNA and genomic clones

The cDNA and the genomic clones for ABI2 were identified by
standard techniques [28] using a 1.2 kbp Sall-Notl fragment from
the expressed sequence tag (EST) 16616T7 (Arabidopsis Biological
Resource Center, Columbus, OH) as a probe. The 4ABI2 cDNA clone
was isolated from an Arabidopsis (La-er) cDNA library constructed in
Agtl0 [17]. The 1.3 kbp ABI2 cDNA was subcloned from Agtl0 using
PCR with Pfu DNA Polymerase (Stratagene, San Diego, CA) fol-
lowed by blunt-end cloning into pBluescript SK (Stratagene) digested
with EcoRV. The ABI2 and abi2 genomic clones were isolated from
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Arabidopsis (La-er) cosmid libraries constructed in the binary cosmid
vector pBIC20 [29] from DNA of wild-type or abi2 mutant plants,
respectively. Screening of the library identified several overlapping
cosmids. One pBIC20-ABI2 clone from the wild-type library and
one pBIC20-abi2 clone from the abi2 library with identical HindIIl
restriction patterns were selected for further analysis. These cosmids
carried a genomic insert of approximately 17 kbp and the 4BI2 gene
was contained within a 6.5 kbp HindIII fragment.

2.4. Introduction of the abi2 mutation into Columbia wild-type plants

The above described pBIC20-4BI2 and pBIC20-abi2 cosmids were
independently introduced into Agrobacterium tumefaciens C58
pGV3850 [30] by electroporation [17]. Stability of the constructs
was confirmed by HindlIIl restriction analysis of plasmid DNA iso-
lated from transformed A. tumefaciens. A. tumefaciens containing the
binary vector pBIC20-4BI2 or pBIC20-abi2 was used to transform
Col wild-type plants by vacuum infiltration [31]. Transgenic lines were
identified by selection for kanamycin resistance and B-glucuronidase
activity [17].

2.5. Analysis of nucleic acids

Plant DNA, total yeast DNA and cosmid DNA were analyzed by
Southern blot. Plant DNA was isolated from young leaves of Arabi-
dopsis by the CTAB procedure [32]. Total DNA of yeast clones carry-
ing YACs was prepared from 50 ml liquid cultures by the same pro-
cedure. DNA was digested with restriction endonucleases, transferred
to Biodyne B membrane (Pall, Dreieich, Germany) and hybridized
with the indicated probes according to Sambrook et al. [28]. Sequence
analysis was performed on plasmid DNA or PCR products using T7
DNA polymerase and an ABI377 DNA sequencer. In order to obtain
the ABI2 and abi2 genomic sequences the 6.5 kbp HindIll insert that
hybridized to the ABI2 cDNA was released from the pBIC20-4BI2 or
the pBIC20-abi2 cosmid, respectively, and subcloned into pBluescript
SK. Sequencing was performed with primers specific for the 4BI2
cDNA sequence and the data have been submitted to the EMBL
database under accession number Y11840. A GGC to GAC transition
at nucleotide 503 was found in the abi2 genomic sequence. The muta-
tion was also verified by the sequencing of a 1.6 kbp PCR-amplified
genomic fragment of the abi2-1 allele. The mutation destroys a Ncol
site (CCATGG — CCATGA), which was confirmed by Southern blot
analysis of abi2 DNA (La-er genetic background). Therefore, Ncol
digestion of a 1.6 kbp ABI2 genomic fragment amplified by PCR
using Ndz DNA as a template produces two fragments of 500 and
1100 bp, whereas the Ncol site is absent when abi2 DNA is used as a
template. This difference provided the basis to develop a CAPS
(cleaved amplified polymorphic sequences) marker [33] using the fol-
lowing PCR primers: 1, 5-ATGGACGAAGTTTCTCCTGCAG-3’
and 2, 5'-CCTTCTTTTTCAATTCAAGG-3'".

2.6. Expression and purification of the ABI2 and Gly'% Asp abi2
proteins

The coding region of the wild-type ABI2 cDNA was PCR amplified
by using Pfu polymerase and primers 5'-AGCATGCAGGAAGTTT-
CTCCTGCAGTCGCT-3'" and 5'-GAGCTCGCATGCCATTCAAG-
GATTTGCTCTTGAA-3'. The amplified product was Sphl digested
and cloned into the Spil site of pQE70 (Qiagen, Hilden, Germany).
The nucleotide change present in the abi2-1 mutation was introduced
into the wild-type ABI2 cDNA by site-directed mutagenesis [34] using
the oligonucleotide 5'-TACGATGGCCATGACGGTTCTCAGG-3'.
Once the constructs were verified by sequencing, they were used to
transform the M15(pREP4) Escherichia coli strain (Qiagen). The ex-
pression of the recombinant proteins was induced with 1| mM IPTG
and the ABI2 and the Gly'®®Asp abi2 proteins were subsequently
affinity purified on Ni-NTA resin as indicated by the suppliers.

3. Results

3.1. Positional mapping of the ABI2 locus

The abi2-1 mutation provides a semidominant ABA insen-
sitive phenotype with respect to the inhibition of root growth
by ABA. Root growth in the presence of 30 UM ABA was
scored [17] in order to follow the segregation of the ABI2
locus with respect to Arabidopsis molecular markers dispersed
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over the genome. Thus, the 4BI2 locus was localized to chro-
mosome 5 by segregational analysis. The marker m558 coseg-
regated with the ABI2 locus. Only five recombination events
among 900 Fy chromosomes analyzed were identified between
the locus and the marker m558, reflecting a genetic distance of
approximately 0.5 cM. The m558 marker is contained within a
YAC contig generated by R. Schmidt et al. [35]. We verified
the contig data by using the m558 marker for screening YAC
libraries of Arabidopsis [26,27] and, as a result, the hybrid-
ization of CIC9E2, CIC9F3, CICI0B4, CIC9C9 and
EG13G1 YACs to m558 was observed. The YAC contig ex-
tends about 560 kbp proximal (centromeric) and 400 kbp
distal (telomeric) to the marker m558 (Fig. 1a). Taking into
account the average value of 185 kbp per cM for the Arabi-
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Fig. 1. a: Physical map of the ABI2 locus relative to the YAC con-
tig. Vertical bars represent polymorphic DNA fragments used to lo-
calize recombination breakpoints and to establish the YAC contig
[35]. The 16616T7 CAPS marker is described in the text and it rep-
resents the ABI2 gene itself (see text). Inverted triangle indicates the
closest breakpoint between the ABI2 locus and m558. b: Autoradio-
gram of a Southern blot containing plant DNA, yeast DNA and
cosmid DNA digested with HindIIl and probed with radiolabeled
pBIC20-16616T7 cosmid DNA under high stringency conditions.
Lanes 1-3 contain approximately 1 ug of Columbia, La-er and Nie-
derzenz plant DNA, respectively; lanes 4-10 contain 0.3 pg of total
DNA of yeast clones carrying the indicated YAC, respectively, and
lane 11 contains 2 ng of pBIC20-16616T7 DNA. The pBIC20-
16616T7 cosmid contains the ABI2 gene in the 6.5 kbp Hindlll frag-
ment (see text) indicated by an arrow.
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Fig. 2. a: Comparison between the predicted amino acid sequences
of the ABI2 and the ABII1 proteins. The substitution of Gly by Asp
in the abi2 and abil mutant proteins is emphasized. A putative
ATP or GTP binding site [52], AVLCRGKT, is framed by a box.
The sequence comparisons and searches in the databases were per-
formed with the GCG package of the University of Wisconsin,
Madison, WI, USA. b: Schematic diagram of the ABI2 gene. Solid
bars represent exons. Broken lines are introduced outside the 4BI2
gene to keep the scale. The ABI2 gene was recovered as a 6.5 kbp
Hindlll fragment released from the cosmid pBIC20-16616T7.
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dopsis chromosome 4 [36] as well as the 0.5 cM genetic dis-
tance of the ABI2 locus with respect to m558, we reasoned
that the locus should be contained within the YAC contig.

3.2. Cloning of an ABIl-like gene

The identification of ABIl as a PP2C involved in ABA
signal transduction raised the question of whether additional
PP2Cs might also operate in ABA signaling. Several entries
with homology to ABI1 are present in the Arabidopsis EST
database and precedents for genetic complexity, i.e. partially
redundant function of PP2C, are also found in yeast [37,38].
To investigate the above question, we decided to clone and
map genes with homology to ABII. To this end, Arabidopsis
ESTs showing similarity to ABIl were obtained from the
Arabidopsis Biological Resource Center (ABRC, Columbus,
OH). Among the ESTs that show similarity to ABIIl, EST
16616T7 presents the highest homology. The insert of clone
16616T7 was used as a probe for screening a Agtl0 cDNA
library and a pBIC20 genomic library. A full length
16616T7 cDNA encoding a protein with 80% amino acid se-
quence identity (84% similarity) to ABIl was obtained (Fig.
2a). Sequence analysis of the 16616T7 cDNA reveals a 1272
bp ORF that encodes a protein with 423 amino acids and a
predicted molecular weight of 46 kDa. The homology to ABI1
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Fig. 3. Analysis of ABA-mediated responses. a: Seed germination in the presence of 3 uM (R,S)-ABA (Fluka) determined from 50 seeds of
La-er (1), abi2 mutant (2), Col (3), line 1 Col::T-DNApBIC20-abi2 (4), line 2 Col::T-DNApBIC20-abi2 (5) after 5 days. b: Root growth assay
for scoring ABA sensitivity. The root growth was determined after 4 days of the transfer of 5-day-old seedlings of La-er (1), abi2 mutant (2),
Col (3), lane 1 Col::T-DNApBIC20-abi2 (4) and lane 2 Col::T-DNApBIC20-abi2 (5) onto MS plates containing 30 uM ABA (filled bars) or
onto MS medium without ABA (open bars). The result represents the average growth including S.E. of 14 seedlings each analyzed as men-
tioned in [17]. ¢: Stomatal response analyzed by the desiccation of excised leaves at room temperature. Four leaves at approximately the same
developmental stage and size from single 3-week-old plants of La-er (1), abi2 mutant (2), Col (3), line 1 Col::T-DNApBIC20-abi2 (4), line 2
Col::T-DNApBIC20-abi2 (5) were excised and the loss of fresh weight was determined at ambient conditions after 20 min. The assay was per-

formed with three single plants each.
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Fig. 4. PP2C activity of wild-type ABI2 protein and Gly'®®*Asp abi2
protein. ABI2 (@) and abi2 (0) recombinant proteins (40 ng) were
incubated for the indicated period of time at 30°C with 3*P-labeled
casein in a buffer containing 30 mM Tris-HCI pH 7.5, 10 mM j-
mercaptoethanol and 20 mM magnesium acetate. In the absence of
Mg?* ions, both ABI2 and abi2 lack detectable phosphatase activity
(@). The experiment was performed in duplicate and the phospha-
tase activity is expressed as nmol of inorganic phosphate released
per mg of protein.

is not restricted to the PP2C domain. In fact, it extends to the
distinctive N-terminal extension. The genomic sequence of the
16616T7 gene was also determined. Comparison between the
genomic and the cDNA sequences reveals a gene composed of
four exons and three introns (Fig. 2b). The exon-intron junc-
tions are located at positions equivalent to those found in the
ABII gene.

3.3. The ABIl-like gene represents ABI2

Screening of the genomic library provided a pBIC20 cosmid
clone that contained the 16616T7 gene in a 6.5 kbp HindIII
fragment (Fig. 1b). In order to position the gene in the Ara-
bidopsis genome, we used the cosmid clone to probe the Ara-
bidopsis CIC library. The cosmid probe hybridizes to the
CIC9E2, CIC9F3, CIC10B4 and CIC9C9 YACs (Fig. 1b)
that constitute the previously confirmed YAC contig. These
data, taken together with the high similarity of the gene to
ABII, prompted us to examine whether the 16616T7 gene was
indeed ABI2. A cosmid clone that hybridized to 16616T7 was
isolated from an abi2 genomic library (see Section 2) con-
structed in the transformation-competent pBIC20 vector.
The region of the cosmid clone that contains the 16616T7
gene was sequenced. A single base pair difference was found
with respect to the cDNA and the genomic wild-type clones.
A GGC to GAC transition was identified leading to the re-
placement of the wild-type Gly'®® residue by Asp (Fig. 2a). An
identical mutation occurs in the abil-1 mutant resulting in the
substitution of the equivalent Gly'®** residue by Asp (Fig. 2a).
The mutation destroys a Ncol site, so a CAPS marker was
developed using primers based on the sequence of the 16616T7
gene. In this way, we could map the 16616T7 gene with re-
spect to the abi2 locus. No recombination event was detected
in the 900 Fy chromosomes analyzed. The 16616T7 gene co-
segregated with the abi2 locus. These data and the identifica-
tion of a mutation support the conclusion that the 16616T7
gene represents the ABI2 gene. To further confirm the identity
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of the ABI2 gene a pBIC20-abi2 cosmid was introduced into
Col wild-type plants by vacuum infiltration [31]. Two B-glu-
curonidase-positive transformants (T) were identified by ka-
namycin selection after screening approximately 40000 seeds
derived from infiltrated plants. Seeds of the individual trans-
genic lines (T; seeds) were tested for ABA insensitivity by
examining their ability to germinate in the presence of 3 uM
ABA, a concentration completely inhibitory to wild-type seeds
in this assay (Fig. 3a). Seeds (T;) of both transgenic lines
containing the pBIC20-abi2 T-DNA, however, germinated
with frequencies of 94% and 96%, respectively, as well as
the abi2 mutant seeds (Fig. 3a). No segregation of the kana-
mycin resistance could be detected in the transgenic seedlings
(T;) indicating that the original transformed plants had inte-
grated two or more unlinked copies of the T-DNA. In addi-
tion the T; progeny showed ABA insensitivity in both root
growth (Fig. 3b) and stomatal response (Fig. 3c) comparable
to the abi2 mutant. Two independent lines transformed with
the pBIC20-4 BI2 wild-type gene did not document an insen-
sitivity to ABA (data not shown). Clearly, the introduction of
the abi2 gene into Col wild-type plants confers ABA insensi-
tivity.

3.4. The mutant abi2 protein shows a reduced PP2C activity

To confirm that ABI2 does indeed show PP2C activity and
to ascertain the effect of the abi2-1 mutation on the activity of
the protein product, the wild-type ABI2 and the Gly'®®Asp
abi2 proteins were expressed in E. coli as histidine tag fusion
proteins. The heterologously expressed proteins were purified
by Ni-NTA affinity chromatography and the phosphatase ac-
tivity was assayed using 33P-labeled casein as a substrate [39].
The activity of both the ABI2 and abi2 proteins revealed the
strict Mg?* dependence (Fig. 4) that forms a diagnostic fea-
ture of PP2C [39]. The capability to dephosphorylate casein
was notably diminished, however, by the Gly'%®®Asp substitu-
tion present in the abi2 protein yielding an approximately 10-
fold lower specific activity of the mutant enzyme (39 pkat/mg)
versus the wild-type protein (420 pkat/mg).

4. Discussion

ABIl and ABI2 represent a pair of highly homologous
PP2Cs involved in ABA signaling. Genetic duplication fol-
lowed by functional diversification has emerged as a common
theme in many regulatory genes [40].

The identification of an identical amino acid exchange in
ABI1 and ABI2 as well as the pleiotropic ABA insensitivity
mediated by the mutations indicate a functional redundance
of both PP2Cs. The introduction of the complete abi2 gene
into Arabidopsis wild-type plants conferred ABA insensitivity
in all three responses tested, namely germination, root growth
and stomatal water loss, as has been previously observed with
abil transgenic plants [17]. This finding is in accordance with
the co-dominant phenotype of heterozygous abi2-1 plants
and, thus, differs from the phenotypes of the transgenic lines
recently reported [24]. In this case, seed dormancy, ABA-in-
dependent germination and transpirational water loss were
not consistently affected in the transgenic lines. The variation
in the different ABA phenotypes observed could reflect incom-
plete gene transfer resulting in the expression of truncated
versions of the abi2 protein. In our study, this problem was
avoided by selecting transgenic lines that express functional
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markers flanking the introduced genomic DNA as an indica-
tion of complete gene transfer [17].

The functional redundance of ABI1 and ABI2 would pro-
vide a basis to explain the failure to isolate recessive abil or
abi? alleles. Alternatively, other unidentified PP2Cs or addi-
tional phosphatases could partially rescue abil or abi2 reces-
sive loss-of-function mutations.

This situation is found, for example, in the PP2Cs of Sac-
charomyces cerevisiae [41]. In this scenario, only codominant
mutations such as those present in the abil-1 and abi2-1 mu-
tants could generate a phenotype.

Interestingly, the abil-1 and abi2-1 mutations result in the
substitution of an equivalent Asp residue for Gly. This sub-
stitution occurs at a position equivalent to Ala% of human
PP2Ca that is located in a domain involved in metal ion
coordination [42]. Thus, the abil-1 and abi2-1 mutations
might disrupt the conformation of the Mg?>" coordinating
site resulting in the reduced catalytic activity observed in the
abil [43] and abi2 proteins [24] (Fig. 4). The diminished cata-
lytic activity suggests that the abil-1 and abi2-1 mutations act
dominant negatively [44]. The dominant insensitivity to ABA
might occur by functional disregulation of a complex of in-
teracting proteins, e.g. due to the competition of the wild-type
and the enzymatically less active mutant protein for a sub-
strate.

In spite of the high similarity of the ABI1 and ABI2 pro-
teins, the equivalent nature of the mutation as well as the
common mutant phenotypes, a differential response of the
abil-1 and the abi2-1 mutants has been observed. A difference
was found during drought rhizogenesis [45] and in the pattern
of expression of certain ABA-inducible or stress-inducible
genes [46-48]. In addition, the restoration of ABA sensitivity
of guard cells by kinase inhibitors [49] was different in the
abil-1 and the abi2-1 mutants pointing to, at least, partially
different roles for both protein phosphatases. Thus, ABI1 and
ABI2 seem to have specific functions that could be mediated
by the non-catalytic and less conserved amino-terminal do-
main of the proteins corresponding to 51% identity among
the first 90 amino acid residues of abi2. In addition, both
proteins might exert a redundant function in a subset of de-
velopmental or cellular processes as exemplified by the ETR1
[50] and ERS [51] in the ethylene response pathway. Clearly,
experiments aimed at identifying the cellular targets of the
ABII1 and ABI2 proteins will help to elucidate their function.
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