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The hormone abscisic acid (ABA) modulates a variety of developmental processes and
responses to environmental stress in higher plants. A collection of mutations, designated
era, in Arabidopsis thaliana that confer an enhanced response to exogenous ABA in-
cludes mutations in the Eral gene, which encodes the B subunit of a protein farnesyl
transferase. In yeast and mammalian systems, farnesyl transferases modify several
signal transduction proteins for membrane localization. The era?’ mutants suggest that
a negative regulator of ABA sensitivity must be acted on by a farnesyl transferase to

function.

Abscisic acid is a sesquiterpene produced in
plants that has been shown to mediate arrest
of growth and development in processes such
as control of stomatal aperture in leaves and
establishment of seed dormancy (1). Genes
that respond to exogenous ABA applications
have been identified (2) and secondary mes-
sengers such as Ca?* and inositol triphos-
phates have been implicated in ABA-medi-
ated responses (3). However, many of the
cellular components and genes involved in
ABA reception-and downstream transduc-
tion have not been- well characterized. One
approach te identifying such genes involves
the isolation of mutants with altered hor-
monal responses. In Arabidopsis thaliana, mu-
tations in several loci, designated abi, that
reduce the sensitivity of seed to exogenously
applied ABA also reduce the degree of dor-
mancy (4). Two Abi loci encode a putative
serine-threonine phosphatase (5) and a tran-
scriptional activator (6), which suggests that
the cellular response to ABA may involve a
signaling cascade. Depending on the Abi
gene mutation, insensitivity to exogenous
ABA can vary over a 100-fold range of con-
centration, which suggests that germination
assays with different concentrations of ABA
can be used to identify different loci. The abi
screens, however, only detect reduced sensi-
tivity to ABA and therefore may bias the
genes identified. Another genetic approach
to distinguish components involved in
ABA signaling is the identification of mu-
tations that enhance sensitivity to ABA.
Aside from broadening the spectrum of
new ABA response mutants, supersensi-
tive screens also identify negative regula-
tors of ABA sensitivity.

Department of Botany, University of Toronto, 25 Will-
cocks Street, Toronto, Canada, M5S 3B2.

*Present address: Carnegie Institution of Washington,
Department of Plant Biology, 290 Panama Street, Stan-
ford, CA, 94305-4101, USA. _
1To whom correspondence should be addressed. E-
mail: peterm@gpu.utcc.utoronto.ca

Mutations that confer enhanced response
to ABA (era) in Arabidopsis seeds were iden-
tified by their ability to prevent seed germi-
nation with low concentrations of ABA that
normally permit wild-type seed germination
(7). Of these, the eral mutant class, which
includes one transferred DNA (T-DNA)
line (eral-1, ecotype Wassilewskija) and two
neutron-generated mutants (eral-2 and eral -
3, ecotype Columbia), was of added interest
because this class showed decreased germi-
nation efficiency under normal postimbibi-
tion conditions (Fig. 1). Because the abi class
of mutations reduces seed dormancy, muta-
tions that enhance ABA ' responsiveness
should, in principle, be more dormant. Dor-
mancy in eral alleles is alleviated by a 4-day
chilling period; the efficiency of eral germi-
nation increases with the length of time the
seeds are chilled (Fig. 1). In many plant
species, breaking dormancy to allow germi-
nation requires vernalization—exposure to
moist, low-temperature environments for an
extended period (8). The germination pro-
file of eral mutants may reflect an increased
state of ABA-induced dormancy; conse-
quently, these seeds require longer vernaliza-
tion to germinate. Support for this conten-
tion comes from construction of double mu-
tants of eral with both ABA biosynthetic
(abal-1) and insensitive mutants (abil-1 and
abi3-6). In all cases, the double mutants had
reduced dormancy as compared with eral,
indicating that the increased dormancy ob-
served in eral seed is dependent on ABA
synthesis or sensitivity (9).

The eral-1 mutation, which is due to a
T-DNA insertion (10), allowed the isola-
tion of plant genomic regions flanking the
insertion (11). Using the flanking regions
as probes, we isolated wild-type cDNA and
genomic clones; sequence analysis of these
described a gene encompassing 3.5 kb of
genomic DNA (Fig. 2A). The gene con-
tains 13 introns and the T-DNA insertion
site in eral-1 is in intron 8. Southern
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(DNA) analysis of wild-type DNA, eral-2,
and eral-3 probed with Eral cDNA re-
vealed that both fast-neutron alleles con-
tain deletions spanning the Eral locus (Fig.
2B). Fast-neutron mutagenesis induces small
deletions in Arabidopsis (12), and subsequent
genomic analysis with a 14-kb probe that
spans the Eral locus determined the size of
the eral-2 deletion to be about 7.5 kb and
the eral-3 deletion to be slightly larger (Fig.
2C). Thus, all three eral alleles contain
DNA disruptions at the same locus, confirm-
ing the identity of the Eral locus.
Conceptual translation of the longest
open reading frame (404 amino acids) in the
Eral gene produced a protein with a high
sequence similarity to yeast, pea, and mam-
malian protein farnesyl transferase 8 subunit
genes (Fig. 3) (13). Farnesyl transferases con-
sist of @ and B subunits that dimerize, form-
ing an enzyme that catalyzes the attachment
of farnesyl pyrophosphate (15 carbons) to
proteins containing a COOH-terminal CaaX
motif (14), where C designates a cysteine
residue, aa is usually aliphatic amino acids,
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Fig. 1. Germination of the wild type (WT; Colum-
bia) and of era’ mutants. Mature seeds were
chilled for 0 (O), 4 (), 8 (), or 12 (O) days at 4°C
in darkness. Germination of seeds was scored as
positive when a radicle tip had fully penetrated the
seed coat. Each experiment was performed in
triplicate and each point represents a germination
test of 40 to 50 seeds. Similar results were ob-
tained in all cases. The percentage of germination
was determined by dividing the number of seeds
that germinated at a given time by the total num-
ber of seeds plated.
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and cDNA (U44849) sequences have been submitted to GenBank. (B)
High-stringency Southern blot of genomic DNA from the wild type (WT)
and from eral-2, era7-3 mutants probed with the pZL51 cDNA. Genomic
DNA was digested with Eco R, resclved on a 0.7% agarose gel, transferred
to nitrocellulose, and probed with the pZL51 cDNA at 65°C. The expected
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4.3- and 1.5-kb hybridizing bands present in the wild type were absent

from the mutant alleles. (C) High-stringency Southern blot of genomic DNA from the wild type and from
eral-2 and era’-3 mutants probed with a 14-kb genomic fragment encompassing the Era? coding
region. Southern blots were performed as above. Three hybridizing bands present in wild-type DNA are

absent from both mutants (4.3, 1.7, and 1.5 kb).

and X may designate a cysteine, serine, me-
thionine, or glutamine residue. Both plant
subunit genes contain a region of about 50
amino acids near their COOH-terminus
(Fig. 3, amino acids 244 to 297) that is

absent in yeast and animal B subunit genes.
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Fig. 3. Alignment of the B subunit farnesylation
domains from Arabidopsis (Arab.), pea, yeast,
and rat (79). The alignments were generated by
MACAW and by eye. Residues that are identical to
the Arabidopsis sequence are indicated with a
dot. A dash indicates a blank. The amino acid
positions of the Arabidopsis gene are indicated on
the right-hand side.
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Northern (RNA) blot analysis detected
accumulation of Eral mRNA only in flower
buds, which supports a role for this gene in
early seed development (9). Indeed, ex-
tracts from wild-type flower buds had pep-
tide-dependent farnesylation activity in the
presence of a farnesyl acceptor (the synthet-
ic peptide GGCCAIM) (15) but not when
a geranylation (20-carbon) substrate pep-
tide (GGCCAIL) was used (16) (Fig. 4).
Extracts from eral-1 and eral-2 showed no
peptide-dependent radioactivity with either
the farnesyl or geranyl acceptor peptide
(Fig. 4), demonstrating that farnesylation
activity is deficient in the two eral alleles.

Although ABA-regulated vegetative
functions were not determined, the seed
phenotypes of eral mutants suggest that far-
nesylation does play a role in embryonic
ABA signaling. Animal and yeast signal
transduction proteins, including Ras proteins
and <y subunits of heterotrimeric GTP-bind-
ing proteins (G proteins), are farnesylated
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Fig. 4. Farnesylation assay (75) on flower bud tis-
sue of the wild type (WT) (Columbia) and of era?
mutants. Pluses or minuses represent addition or
absence of the farnesyl (CAIM) or geranyl (CAIL)
peptide target. Lane 1 is boiled (5 min) wild-type
extract. F-OH, farnesol; FMP, farnesyl monophos-
phate; and f-CAIM, faresylated peptide.
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(16). Farnesylation in these systems anchors
the proteins through hydrophobic interac-
tions with membrane lipids or other proteins
(16). The increased ABA sensitivity of eral
mutants and the fact that these are full loss-
of-function mutations suggest that a protein
or proteins that normally negatively regulate
ABA signaling may require farnesylation to
function. In some G protein signaling cas-
cades, By complexes appear to negatively
regulate their effectors (17) Perturbed farne-
sylation could prevent By complexes from
properly acting as negative regulators and
this in turn could cause a supersensitive phe-
notype. Similarly, in mammalian light recep-
tion, attenuation of receptor activation re-
quires farnesylation of the negative regulator
rhodopsin kinase (18). Whatever the target
or targets of ERA1 in ABA signaling, the
relatively normal growth and development
of eral mutant plants suggest either that
farnesylation is active only in ABA-mediat-
ed cellular responses or that separate farne-
sylation activities for other signaling path-
ways exist in plants.
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CD2: An Exception to the Immunoglobulin
Superfamily Concept?

A central tenet of the immunoglobulin
superfamily (IgSF) concept is that the evo-
lutionary success of IgSF domains derives
from their ability to form stable protein
modules at the cell surface (1, 2), and this is
entirely consistent with the high degree of
conservation of framework residues in IgSF
domains revealed by structural studies (3).
The recent proposal by Daniel F. Wyss et al.
(4) that some IgSF domains, such as the
ligand binding domain of the human T
lymphocyte antigen, CD2, “maintain their
stable conformation as a result of dynamic
interactions between the polypeptide and
its attached glycan,” is incompatible with
the IgSF concept and therefore warrants
careful consideration.

CD2 is an integral membrane glycopro-
tein that has two extracellular IgSF do-
mains N-glycosylated at three sites [re-
viewed in (5)]. The ligand- and antibody-
binding properties of a soluble form of CD2
consisting of both IgSF domains are indis-
tinguishable before and after reduction of
the N-linked glycans to single N-acetylglu-
cosamine residues by endoglycosidase H
treatment (6). After complete removal of
the glycans with N-glycanase, the protein
also binds ligand with wild-type affinity,
although the binding of some antibodies is
reduced in accord with the reduction in
protein solubility observed after complete
deglycosylation of CD2 (6). These results
suggest that the N-linked glycans do not
stabilize the folded conformation of two-
domain CD2, but may enhance its overall
solubility. In contrast, the proteolytic frag-
ment consisting of domain 1 of CD2, on
which Wyss et al. base much of their anal-
ysis, appears to be metastable because N-
glycanase treatment of this fragment com-
pletely abrogates ligand and antibody bind-
ing (4, 7). These differences in the behavior
of the single- and two-domain forms of CD2
undermine the biological significance of the
effects observed by Wyss et al. as there is no
counterpart in nature for the single domain
form of CD2. It is also relevant that protein
stability artifacts have been encountered
ever since the earliest attempts were made
to produce truncated soluble forms of IgSF
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molecules by recombinant DNA methods
[see, for example, (8) and (9)]. In the light
of these discrepancies and technical uncer-
tainties, it seems inappropriate to conclude
that CD2 is a clear exception to the IgSF
concept.

These observations do not rule out the
possibility that the domain 1 glycan has some
other role in CD2 expression and this is
clearly implied by the mutational data of
Wyss et al. The problem with the mutational
approach, however, is that it does not neces-
sarily distinguish between the potential ef-
fects of glycosylation on (i) -protein folding,
(ii) post-folding conformational stability, or
(iii) protein trafficking to or beyond the cell
surface. In view of the conformational stabil-
ity of deglycosylated two-domain CD2 (6,
10) and the unimpaired trafficking of ungly-
cosylated mutant forms of CD2 to the cell
surface (4, 7), it would appear that the do-
main 1 glycan influences the initial folding of
CD2 rather than determining, as proposed by
Wyss et al., its post-folding stability. A fluo-
rescence energy transfer study of peptides
used as model folding intermediates (11),
which suggests that N-linked glycans alter
the conformational space available to B-turn
glycopeptides that are analogous to the gly-
cosylated DE loop of CD2 domain 1, is con-
sistent with this possibility.
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