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Abstract. The plant hormone abscisic acid (ABA) 
mediates gene expression in barley aleurone proto- 
plasts. In order to elucidate the essential functional 
groups of the ABA molecule, the specificity of a 
number of ABA analogues for inducing ABA- 
regulated gene (e.g., RAB, BASI) expression in 
barley aleurone protoplasts was studied. These an- 
alogues have modifications at three different posi- 
tions of the ABA molecule: (a) the l '-hydroxyl 
group ( l ' -deoxy ABA), (b) the carboxyl group 
(ABA-methyl ester or ABA-glucose ester), and (c) 
both the l '-hydroxyl and 4'-carbonyl groups (ot- 
ionylidene acetic acid). The importance of the dif- 
ferent putative functional groups was analyzed. The 
dose-response analysis of ABA analogues upon the 
induction gene expression showed the following or- 
der: ABA > ABA methyl ester > l ' -deoxy ABA > 
ABA glucose ester > ot-ionylidene acetic acid > a- 
13-ionone. 

The phytohormone abscisic acid (ABA) mediates 
the response of plants to osmotic stress and plays 
an important role in embryogenesis and grain devel- 
opment (Dure et al. 1981, Skriver and Mundy 1990). 
During germination, ABA counteracts the effects of 
gibberellin (GAs) on the induction of germination 
(Allen and Trewavas 1987, Black 1983, Hepler and 
Wayne 1985, Walker-Simmons 1987, Walton 1987). 
It has been reported that ABA is able to induce both 
cytosolic pH and Cai level changes (Gehring et al. 
1990, Van der Veen et al. 1992, Wang et al. 1991, 
1992). The multiple responses to ABA have been 
observed in various plants and plant tissues. How- 
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ever, little is known about the signal recognition 
and transduction. 

A number of plant genes have been cloned which 
are abundantly expressed during late embryogene- 
sis. Some of these genes are ABA-responsive and 
some of them can be induced by osmotic stress, salt 
stress, and desiccation, etc. (Skriver and Mundy 
1990). The RAB gene family belongs to this type of 
gene (Skriver and Mundy 1990). Another plant hor- 
mone, GAs, plays an important role during germi- 
nation in cereals. It is known that a group of hydro- 
lase mRNAs are induced by GAs. At this time, 
ABA acts as an antagonist of the effects of GA s on 
the various cellular functions (Nolan and Ho 1988, 
Rogers 1988). ABA not only inhibits the expression 
of GAs-responsive hydrolase mRNA and protein, 
but also promotes the accumulation of a protein 
which inhibits germination-specific a-amylase, such 
as bifunctional  c~-amylase subtilisin inhibitor 
(BASI) (Leah and Mundy 1989, Mundy and Rogers 
1986). 

Most research concerning the mechanism of 
ABA action has been focused on the expression of 
ABA-regulated genes and promoters. On the other 
hand, ABA is able to trigger a series of cellular 
responses which occur long before ABA-induced 
gene expression can be observed (Gehring et al. 
1990, Van der Veen et al. 1992, Wang et al. 1991). It 
is presumed that ABA must interact in a structure- 
specific manner with a receptor protein as the first 
step of its mechanism of action. The binding of 
ABA to a putative receptor has been reported by 
Hornberg and Weiler (1984). Unfortunately, there 
have been no confirmations of this important obser- 
vation. It has been shown that structural modifica- 
tions of the natural hormone (ABA analogues) re- 
suits in a reduction of biological activity (Milborrow 
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1986, Nagano et al. 1980, Schubert et al. 1991, 
Walker-Simmons et al. 1991, 1992, Walton 1983). 
Any modification that disturbs one or more essen- 
tial interactions between ABA and a correspondent 
amino acid at a hormone receptor will drastically 
reduce the affinity of an analogue or even lead to 
loss of activity (Schubert et al. 1991, Walton 1983). 
In order to ascertain which structural features of the 
ABA molecule may be involved in its interaction 
with a possible receptor protein, we have investi- 
gated the dose-response of induction of RAB-16 
and BASI mRNA by various functional group ana- 
logues of ABA. 

Materials and Methods 

Materials 

(R,S)-ABA (chemical purity 99.9%), (R,S)-ABA methyl ester 
(chemical purity 99.9%), (R,S)-a-ionone, and (R,S)-13-ionone 
(chemical purity 99.9%) were obtained from Sigma Chemicals 
Co. (St. Louis, Missouri, USA). (R,S)-ABA glucose ester (chem- 
ical purity 98.9%) was from Apex Organic LTD (Cambridge, 
UK). (R,S)-l ' -deoxy-ABA and (R,S)-et-ionylidene acetic acid 
(chemical purity 99%) were synthesized by R. Horgan. Cellulase 
Onozuka R-10 was obtained from Yakult Honsha (Tokyo, Japan) 
and Gamborg B5 from Flow Laboratories (Irvine, UK). PVP 
K25 was from Fluka Chemie (Switzerland) and PIPES from 
Janssen Chemical (Tilburg, The Netherlands). [et-32p]-dCTP was 
obtained from Amersham Int. (UK). All other chemicals were 
from Merck (Darmstadt, Germany). 

Isolation of Protoplasts 

Barley (Hordeum vulgare L. cv. Himalaya, harvest 1985; De- 
partment of Agronomy, Washington State University, Pullman, 
Washington, USA) aleurone protoplasts were prepared as pre- 
viously reported (Wang et al. 1991, 1992). Protoplasts were 
washed three times with washing buffer (0.5 M mannitol, 10 mM 
KCI, 1 mM MgCI2, 1.1 mM CaC12, 0.1 mM EGTA, 0.5 mM 
K2HPO4, 10 mM PIPES-HC1 (pH 6.8). 

RNA Isolation and Analysis 

Barley aleurone protoplasts (4 • 105/ml) were incubated with 
different ABA analogues in the dark at 22~ for 2.0 h. ABA- 
induced mRNA expression was analyzed by Northern analysis 
as follows. Total cellular RNA from 2 • 106 protoplasts was 
isolated and purified as previously described (Wang et al. 1992). 
Northern blots were made by separating the RNA on a glyoxal/ 
DMSO 1% agarose gel (Sambrook et al. 1989) and subsequent 
blotting onto a nylon membrane as suggested by the manufac- 
turer (GeneScreen Plus, DuPont, Pennsylvania, USA). Northern 
transfers were hybridized at 65~ in 1% SDS, 1 M NaC1, 10% 
dextran sulphate, and 0.1 mg/ml sonificated salmon sperm DNA 
to cDNA probes (a RAB-16 cDNA probe from rice and a BASI 
cDNA probe from barley), which were labeled with [a-32p]dCTP 
by using random primers. After hybridization, the blots were 
washed at 65~ twice in 2 • SSC, twice in 2 • SSC + 1% SDS, 
and finally in 0.1 • SSC. The amount of 32p-labeled cDNA 
probes hybridized to specific mRNA was estimated by densitom- 
etry (Ultroscan KL densitometer, LKB). 
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Fig. 1. Structure of abscisic acid, and its analogues: (A) modifi- 
cation on carbonyl group; (B) modification on hydroxyl group, 
and (C) modification on carboxyl group. 

ABA Measurement and TLC Analysis 
ABA extraction was carried out as described by Walker- 
Simmons (1988). Samples were analyzed by precoated silica gel 
plates (60 F254, Merck). For TLC analysis, the solvent system 
was chloroform/methanol/water (75:22:3 vol/vol). ABA or ABA 
analogues could be detected as a quenching spot under UV light 
(Dumbroff et al. 1983). The spots on TLC plates, where accord- 
ing to the Rf value the ABA should be, were scratched off and 
dissolved in 200 r 96% ethanol. Subsequently, the absorbency 
at 240 nm of these solutions was measured in a spectrophotom- 
eter (U-2000, Hitachi, Japan). 

Results 

Rationale for Selection of ABA Analogues 

In our choice of analogues we sought to eliminate or 
change the possible interactions of polar groups in 
the ABA molecule (Fig. 1) with a putative receptor. 
While the interactions may involve the formation of 
hydrogen bonds, the presence or absence of certain 
functional groups may also involve conformation 
changes in the ABA molecule, which affect its at- 
tachment to a receptor. 

The negative charge of the carboxyl group is re- 
moved in the methyl and glucose esters of ABA, 
which are still capable of hydrogen-bond to a po- 
tential receptor. The l '-hydroxyl group, and thus a 
strong hydrogen bond donor potential, is removed 
in l '-deoxy-ABA. In oL-ionylidene acetic acid, both 
the 1 '-hydroxyl and the 4'-carbonyl group (a hydro- 
gen bond acceptor) are missing. In a- and 13-ionone, 
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Fig. 2. Effects of ABA and ABA analogues on RAB-16 mRNA 
expression. Barley aleurone protoplasts (4 x 10 ~ protoplasts/ml) 
were incubated for 2.0 h in the presence of different 
concentrations of ABA or ABA analogues. A typical example is 
presented in A. The data represent relative OD values of RAB-16 
mRNA bands on autoradiograms expressed as percentage of 
values obtained after stimulation at 50 ~M ABA (B). The mean of 
three independent experiments is presented. The standard 
deviations are between 10% and 15%. 

three presumable interacting groups have been 
changed or removed (i.e., -COOH is replaced by 
-CHO, -OH is replaced by -H, and -C = O is re- 
placed by -CH2 respectively). 

The commercial ABA analogues used were of 
high chemical purity (>99%). The synthetic ABA 
analogues were unlikely to be contaminated with 
ABA since they were synthesized de novo and not 
via ABA; therefore, no side reactions were possible 
which might give rise to ABA (unpublished data). In 
addition, TLC analysis showed that all the ABA 
analogues contained less than 0.01% ABA. ABA 
and all ABA analogues which we used were the 
racemic mixture of R and S optical isomers. Thus, 
the data from the optical purity point of view are 
comparable. 

Effects of ABA Analogues on Gene Expression 

To elucidate which of the putative functional groups 
of the ABA molecule are involved in signal trans- 
duction leading to changes in gene expression, the 
ABA-analogues were used to investigate the induc- 
tion of both RAB-16 and BASI mRNA. 

Generally speaking, alteration of the ABA mole- 
cule showed a strong reduction of RAB-16 mRNA 

expression (Fig. 2A). Estimation of the RAB-16 
mRNA induction obtained at 50 I~M ABA was set to 
100% (Fig. 2B). ABA itself, at all given concentra- 
tions, showed the best induction of RAB-16 mRNA 
expression. Masking of the carboxyl group by a 
methyl group gave about 20% reduction of  the 
RAB-16 mRNA levels. However,  when the methyl 
group was replaced with a glucose group, the re- 
duction of RAB-16 mRNA expression was much 
more pronounced. Removal  of  the l ' -hydroxyl  
group (l '-deoxy ABA) showed 60% reduction of 
RAB-16 mRNA expression. When both the l ' -  
hydroxyl and the 4'-carbonyl groups were modified 
(as in ot-ionylidene acetic acid), RAB-16 mRNA ex- 
pression was even further reduced. Removal of all 
putative functional groups (or- or I~-ionone) gave no 
RAB-16 mRNA expression at all. Table 1 shows 
induction of RAB-16 mRNA expression at half 
maximum concentration of ABA and its analogues. 
The results suggest an order of importance of the 
putative functional groups of ABA for the induction 
of RAB-16 mRNA: carbonyl- > hydroxyl- > car- 
boxyl-. 

Besides RAB mRNA, which is specifically regu- 
lated by ABA, there are some other mRNAs also 
controlled by ABA, such as BASI. The expression 
of BASI mRNA was studied using the ABA ana- 



16 R . M .  Van der  Meulen et al. 

Table  1. Ha l f  the m a x im um  concent ra t ion  for induct ion of ABA-regula ted gene express ion  by 

A B A  analogues.  

A B A  analogues  RAB-16 a (M) BASI b (M) 

A BA  
A BA  methyl  es ter  
1 ' -deoxy A BA  

A B A  glucose  ester  
ct-ionylidene acet ic  acid 
ct- and 13-ionone 

8 X 10 -7 • 3 X 10 -7 
5 X 10 -6 + 3 X 10 -6 
8 X  10 5 •  10 -5 
5 X 10 -4 • 1 X 10 -4 

>5  X 10 -4 -+- 2 X 10 -4 
>5  • 10 -3--- 5 • 10 -3 

5 • 10 -7 ----- 2 • 10 -7 
3 X 10 -6 _+ 1 X 10 -6 
2 X 10 - 5 +  1 • 10 -5 
5 X 10 -4 +_- 2 X 10 -4 

>5  X lO -4 ~ 3 • 10 -4 

>5  • 10 -3 --- 5 x 10 -3 

The data  are the mean of four independent  exper iments  (mean - SD). 
a Hal f  the max imum concentra t ion for induction of RAB-16 mRNA express ion by ABA analogues.  
b Hal f  the max imum concentra t ion for induction of BASI m R N A  express ion by ABA analogues.  

logues (Fig. 3) to test whether ABA induced BASI 
expression by a similar type of interaction with a 
putative receptor as for RAB-16 expression. Modi- 
fication of the ABA molecule effectively influenced 
the BASI mRNA expression as in the case of RAB- 
16 mRNA expression. The results for half the max- 
imum concentration for induction of BASI mRNA 
expression by ABA and its analogues are also pre- 
sented in Table 1. Modification of the ABA mole- 
cule gave the same order of reduction for both RAB 
and BASI mRNA expression. 

One might argue that during the experiments 
some of the ABA analogues are degraded into 
ABA, converted to ABA due to metabolism, or af- 
fect endogenous ABA levels. In order to gain some 
information on possible contamination with ABA 
during experiments with ABA analogues, we incu- 
bated the protoplasts with different ABA analogues 
(final concentration 50 p.M) for 2 h and the super- 
natant of all samples were analyzed by TLC analy- 
sis. We found that there was not trace of ABA in 
ABA analogues treated samples on the TLC plates. 
Yet the spots on TLC plates, where according to 
the Rf value ABA should be, were scratch off and 
dissolved in ethanol. The amount of ABA in all 
ABA-analogue-treated samples was quantified by 
measuring the absorbency at 240 nm. For all ABA 
analogues, the amount of ABA was less than 10 -8 
M, which could not induce significant RAB mRNA 
expression under our experimental conditions. 
Hence, any gene expression observed in our exper- 
iments with ABA analogues is not due to contami- 
nation with ABA during the incubation. 

To make sure whether the overall transcription 
activity is not affected by treating the protoplasts 
with the ABA analogues, the expression of a gene 
which is not regulated by ABA was studied. We 
rehybridized our Northern blots with a glyceralde- 
hyde-3-phosphate dehydrogenase (GAPDH) cDNA 
from barley (Cojecki 1986). With GAPDH expres- 
sion in buffer set as 100%, in four independent ex- 

periments for ABA and all ABA analogues we 
found GAPDH expression ranging from 97-118% 
(SD between 8% and 12%). Thus, modification of 
the ABA molecule causes only a reduction of spe- 
cific ABA-induced mRNA expression, but not in a 
gene which is not under ABA control. Although the 
stability of the barley GAPDH mRNA is not 
known, we have seen the inhibition of GAPDH ex- 
pression when incubating protoplasts with Cd 2§ 
(data not shown), which indicates that a reduction 
of the amount of GAPDH mRNA can be visualized 
within the given time. Furthermore, in order to en- 
sure that the same amount of RNA was used for all 
samples, all our Northern blots were rehybridized 
with the probe of barley rRNA cDNA. Results 
showed that equal amounts of RNA has been 
loaded for Northern blots (data not shown). 

Discussion 

The capacity of different ABA analogues to affect 
ABA-induced gene expression in barley aleurone 
protoplasts was studied. When the carboxyl group 
of the ABA molecule was modified by esterification 
with a methyl or a glucose group, the induction of 
ABA-induced gene expression was partially re- 
duced. The studies on the modification of the func- 
tional group of ABA molecule by using a monoclo- 
nal antibody (Walker-Simmons et al. 1991) and op- 
tically pure ABA analogues (Walker-Simmons et al. 
1992) have been reported. In other bioassay sys- 
t e m s - s u c h  as in the A v e n a  coleoptile assay 
(Mcwha et al. 1973), the rapid stomatal closing as- 
say (Uehara et al. 1975), and a rice seedling growth 
assay (Oritani and Yamashita 1970)--the ABA 
methyl ester also showed a reduced effect. Re- 
cently, Walker-Simmons et al. (1992) showed that 
RAB expression in wheat embryos does not have 
strong ABA stereochemical requirements and that 
other structural properties are likely important for 
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Fig. 3. Effects of ABA and ABA analogues on BASI mRNA 
expression. Barley aleurone protoplasts (4 • 105 protoplasts/ml) 
were incubated for 2.0 h in the presence of different 
concentrations of ABA or ABA analogues. A typical example is 
presented in A. The data represent relative OD values of BASI 
mRNA bands on autoradiograms expressed as percentage of 
values obtained after stimulation at 50 ~M ABA (B). The mean of 
three independent experiments is presented. The standard 
deviations are between 10% and 14%. 

biological activity. We tried to discover the impor- 
tance of different polar groups in the ABA molecule 
for ABA-induced gene expression. 

When the l '-hydroxyl group of the ABA mole- 
cule was replaced with hydrogen (l '-deoxy ABA), 
more than 60% reduction of gene expression was 
found (Figs. 2 and 3). l '-Deoxy ABA was reported 
to have 50% of the activity of ABA in a wheat co- 
leoptile bioassay (Milborrow 1968). Gene expres- 
sion was also sensitive to modification of the car- 
bonyl group compared with ABA. et-Ionylidene 
acetic acid, which has a modification at both the 
l ' -hydroxyl  group and the 4 '-carbonyl group, 
showed a strong reduction of gene expression. Al- 
though ot-ionylidene acetic acid was reported to be 
active in various bioassays (Walton 1983), it is 
likely that these activities were due to conversion of 
ot-ionylidene acetic acid to ABA. In our experi- 
ments, ct-ionylidene acetic acid had a very low ac- 
tivity in inducing gene expression. 

The glucose ester of ABA was less effective in 
inducing RAB-16 gene expression than the methyl 
ester (Fig. 2). This may be explained by the fact that 
the glucose ester is a much larger molecule than the 
methyl ester, making it more difficult for the mole- 
cule to adopt a proper conformation at the binding 

site of the hormone receptor. Another possibility 
may be that the ABA methyl ester can be more 
easily cleaved by esterase than the ABA glucose 
ester (Walton 1983). As a result, the observed ef- 
fects would not be attributable to the ABA ester but 
to ABA formed through hydrolysis. However, the 
absence of ABA in samples incubated for 2 h with 
ABA esters (TLC analysis) argues against this. 

ABA analogues show the same order of reduction 
of both RAB-16 and BASI mRNA expression (Figs. 
2 and 3), which indicates the presence of similar 
molecular interactions but not necessarily the iden- 
tity of the receptors through which ABA induces 
RAB-16 and BASI mRNA expression. The speci- 
ficity (Table 1) of induction of both RAB-16 and 
BASI mRNA expression by ABA analogues is not 
significantly different (P < 0.05). It is likely that the 
regulation of both the RAB and BASI gene expres- 
sion by ABA occurs via the same signal transduc- 
tion pathway. The specificity of ABA analogues in 
induction of gene expression shows the same order: 
ABA > ABA methyl ester > l '-deoxy ABA > ABA 
glucose ester > ot-ionylidene acetic acid > ct- or 
13-ionone. Unfortunately, little is known about the 
location of the ABA receptor. If the ABA receptor 
is located on the plasma membrane (Hornberg and 
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Weiler 1984), ABA and all the ABA analogues do 
not need to pass the cell membrane. However, if the 
ABA receptor is located in the cytosol, the perme- 
ability of ABA analogues through the plasma mem- 
brane will strongly influence the activity of ABA 
analogues. It has been reported that ABA, a li- 
pophilic weak acid, is able to diffuse into plant cells 
(Astle and Rubery 1980, Bianco-Colomas et al. 
1991). The approximate relative polarity of ABA 
analogues used is the following: ABA glucose ester 
> ABA > l'-deoxy ABA > ot-ionylidene acetic acid 
> ABA methyl ester > tx-ionone = 13-ionone 
(Hansch and Leo 1979, Hansch et al. 1968, Rekker 
1977). The sequence of  decreasing polarity is theo- 
retically identical to a sequence of increasing mem- 
brane permeability. The approximate relative polar- 
ity ranking of  ABA analogues is completely differ- 
ent from the biological activity ranking of ABA 
analogues. ABA methyl ester is a much more li- 
pophilic molecule than ABA. Nevertheless, ABA at 
all given concentrations has higher biological activ- 
ity (see Figs. 2 and 3). Both or- and 13-ionone are 
most lipophilic but have the lowest activity in in- 
ducing cellular responses. Therefore, it is very 
likely that the modifications of ABA molecules in- 
dicated in this paper give a reduction in activity 
which is not due to differences in membrane per- 
meability of  the ABA analogues. 
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