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Promoter elements from the wheat Em gene have been characterized. These elements are inducible by abscisic acid 
(ABA) and by osmotic stress. In this study, we demonstrated that the same promoter elements function in a distantly 
related plant species, the moss Physcomitrella patens. Transient and stable expression of the (3-glucuronidase reporter 
gene was used to determine that the heterologous wheat promoter also responds to osmotic stress and ABA in moss. 
Mutational analysis of the promoter indicated that the mechanism of gene regulation is conserved in both species. Gel 
retardation and DNase I footprint analyses were conducted to characterize further the interaction of moss transcription 
factors with the Em promoter. In addition, the synthesis of stress-related polypeptides in moss was observed. The evolu- 
tionary significance of these data and the potential for studying the entire ABA perception-response pathway in moss 
are discussed. 

INTRODUCTION 

Dueto their sedentary mode of life, plants are exposed to widely 
fluctuating environments and consequently have evolved 
mechanisms to limit the physiological damage that would other- 
wise result from these conditions. Water deficit stress is one 
such environmental factor that plants must overcome to sur- 
vive. In higher plants, adaptation to water stress ranges from 
rapid physiological responses, such as stomatal closure, to 
elicitation of new gene expression. Common to manyof these 
responses is the growth regulator abscisic acid (ABA), which 
has been identified as an agent in the stress perception- 
response pathway (Rock and Quatrano, 1994,1995). The appli- 
cation of both osmotic stress and ABA induces the expression 
of a characteristic subset of genes encoding the so-called ABA- 
responsive Rab or dehydrin proteins (Close et al., 1989; Skriver 
and Mundy, 1990; Chandler and Robertson, 1994). These pro- 
teins accumulate both in vegetative tissues under stress and 
in later stages of embryogenesis (designated Lea proteins), 
a process regulated by ABA which culminates naturally in the 
formation of a highlydehydrated propagule (Dure et al., 1989; 
Piatkowski et al., 1990). Studies with wheat embryos, focusing 
on the expression of genes encoding the prominent Em protein, 
indicate that ABA and osmotic stress act through a common 
pathway to induce transcription (Marcotte et al., 1988; Guiltinan 
et al., 1990; Morris et al., 1990). 
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In contrast, lower plants lack many of the specialized struc- 
tures that characterize higher plants' adaptations to the 
terrestrial environment, for example, cuticles and ramifying 
root systems that enable the scavenging of soil water. How- 
ever, such plants often exhibit a remarkable abilily to withstand 
dehydration, as exemplified by the moss Tortula ruralis, stud- 
ied extensively by Bewley and his colleagues (reviewed in 
Bewley and Oliver, 1992). In this species, the onset of dehydra- 
tion does not appear to trigger changes in gene expression. 
Instead, a rehydration-dependent repair system has been pro- 
posed to account for its desiccation hardiness (Oliver, 1991; 
Scott and Oliver, 1994). 

We examined the molecular responses of the moss Phys- 
comifrellapafens both to osmotic stress and to the application 
of ABA. In contrast to the responses reported for Torfula, we 
found a remarkable conservation of function of the stress re- 
sponse mechanism between this lower plant and higher plants. 

RESULTS 

Synthesis of Stress Response Proteins 

When higher plant tissues are subjected to osmotic stress or 
are treated with ABA, a nove1 set of Rab, or dehydrin, proteins 
accumulates. These proteins are typified by a high degree of 
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Figure 1. Polyacrylamide Gel Showing Heat-Stable Polypeptides Ex-
tracted from Protonemal Tissue.
Tissue was labeled with 35S-methionine following incubation for 6 hr
in media supplemented with mannitol or ABA. Lane 1 contains water;
lane 2,0.27 M mannitol; lane 3,0.55 M mannitol; lane 4, 0.83 M mannitol;
lane 5, 10~4 M ABA. Each track contained 105 cpm of incorporated
radioactivity. The migration of molecular mass standards is indicated
at left. The arrows indicate the position of polypeptides synthesized
strongly in the presence of both mannitol and ABA; the arrowheads
denote the position of polypeptides induced strongly by mannitol treat-
ment only.

hydrophilicity, enabling them to remain in solution even when
protein extracts are boiled (Jacobsen and Shaw, 1989). In this
study, protonemal tissue of P. patens was labeled with 35S-
methionine in the presence of ABA or following osmotic stress
induced by incubation with mannitol. Polyacrylamide gel
analysis demonstrated the appearance of a subset of newly
synthesized boiling-stable polypeptides, including several
with molecular masses between 60 and 80 kD (Figure 1).
Under conditions of relatively extreme stress induced by treat-
ment with 0.83 M mannitol or in the presence of 10~4 M ABA,
the relative synthesis of the constitutive boiling-stable proteins
was markedly decreased (Figure 1, lanes 4 and 5). Similar
patterns of polypeptide synthesis were observed in response
to osmotic stress and to ABA, although additional osmotic
stress-specific products of approximately 25 to 28, 35, and
40 kD were identified (Figure 1, lane 4).

In Vivo Expression of a Heterologous ABA-lnducible
Promoter

ABA-inducible wheat Em promoter-p-glucuronidase (GUS)
reporter gene fusions were introduced into P. patens to deter-
mine whether the similarity between the hormone response
pathways extended to the level of transcriptional regulation.

Plasmid DMA was delivered to protonemal tissue by micro-
projectile bombardment or to protoplasts by polyethylene
glycol-mediated direct uptake; transient expression of the re-
porter gene was measured fluorometrically. Plasmid pBM113kp
is composed of a 650-bp Em promoter fragment fused to the
GUS gene (Marcotte et al., 1988). Plasmid pBM200.15 con-
tains a 5' deleted promoter of 385 bp that includes the ABA
response element (ABRE). Following bombardment, plasmids
resulted in induction of gene expression in moss in the pres-
ence of 10~" M ABA (Table 1). This concentration of ABA has
been shown to induce maximal expression of the Em-GUS
reporter gene in rice protoplasts (Marcotte et al., 1988) and
to be the optimum for inducing expression in moss (Sehgal,
1994). Tissue was also bombarded with plasmid pBMIaA, a
promoter variant that differed from pBM200.15 only by a 2-bp
substitution in the Em1a sequence within the ABRE. Table 1
shows that ABA inducibility was effectively abolished by this
minimal mutation.

When pBM113kp was introduced into protoplasts, a higher
mean level of transient activity was obtained after treatment
with ABA (Table 2). Because these data also included a higher
standard error, the activities from six independent experiments
were analyzed. Table 3 shows that the activities vary widely
among experiments but that within an experiment, the ratio
of activities indicates that in five of six experiments, a several-
fold increase in GUS activity occurs in response to the induc-
tive treatment. The Em promoter in plasmid pBM113kp
therefore appears induced by ABA in protoplasts as well as
in protonemal tissue, but there is greater variation among pro-
toplast experiments. This variation might be due to a difference
in competence of the protoplasts. The effect of treating pro-
toplasts with water alone could not be measured because
0.44 M mannitol was necessarily present in the medium to
maintain high osmolarity. However, the fourfold increase in GUS
activity when ABA was added to the protoplasts suggests that
the promoter was responding similarly to the bombarded tissue

Table 1. Transient Expression of Em-GUS and Promoter
Deletions

GUS Activity
Plasmid
pBM113kp
PBM200.15
pBMIaA

+ ABA

4.3 ± 1.7
5.7 ± 2.8
1.9 ± 1.1

+ H2O

0.4 ± 0.3
0.7 ± 0.3
1.3 ± 1.0

ABA: H2O

10.7
8.2
1.5

The transient expression assay was conducted after microprojectile
bombardment of protonemal tissue with plasmids pBM113kp,
pBM200.15, and pBMIaA. GUS activity (nanomoles of 4-methyl-
umbelliferone per microgram of protein per hour) was measured
fluorometrically following 48 hr of treatment with ( +) 10~" M ABA or
water. Data are the means and standard errors of at least three in-
dependent experiments. The ratios of activity are calculated using
the average values.
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Table 2. Stable and Transient Expression of Em-GUS lnduced by ABA and Mannitol 

GUS Activitv 

Treatmenta +ABA + H20 + Mannitol ABA:H?O ABA: Man n itol 

1 4.3 f 1.7 0.4 f 0.3 1.0 f 0.1 10.7 4.3 
2 1882 k 1638 - b  477 f 359 - b  3.9 
3 32,837 2 2088 1179 k 165 5566 k 185 27.8 5.9 

a Treatment 1 was the transient expression assay following microprojectile bombardment. pBM113kp was introduced into tissue, and the tis- 
sue was treated immediately with ( + )  either 10-4 M ABA, 0.44 M mannitol, or water for 48 hr. Treatment 2 was the transient expression assay 
following direct uptake of DNA by protoplasts. pBM113kp was introduced into protoplasts, and the protoplasts were then treated with either 
10-4 M ABA or water for 48 hr after 24 hr of incubation in the light. Values for the water control for treatment 2 are given under + Mannitol 
because of the presence of mannitol in the protoplast medium (see text). Treatment 3 was the measurement of GUS expression in the transgen- 
ic plant. pLUG2 was introduced by microprojectile bombardment. Following selection of a stable transformant, protonemal tissue was grown 
on basal medium before transfer to medium containing 10-4 M ABA, 0.44 M mannitol, or water for 24 hr. Proteins were extracted, and GUS 
activity (nanomoles of 4-methylumbelliferone per microgram of protein per hour) was measured fluorometrically as described in the text. Data 
are the means and standard errors of at least three independent experiments with the exception of treatment 2. This treatment included data 
from six independent experiments, and the individual data for these treatments are shown in Table 3. The ratios of activity are calculated using 
the average values. 
-, not tested. 

treated with mannitol alone. Because 0.44 M mannitol was 
sufficient to induce low levels of synthesis of osmotic stress- 
related polypeptides in intact tissue (Figure l ) ,  it seems prob- 
able that the results of all transient assays using protoplasts 
included osmotic stress-induced gene activity. Table 2 thus 
demonstrates that the wheat Em promoter was inducible in 
moss by osmotic stress alone but to a lesser degree than by 
10-4 M ABA. 

Reporter gene expression may also be monitored in trans- 
genic moss. /? patens was transformed by plasmid pLUG2, 
which contains both the full-length Em-GUS reporter gene from 
pBM113kp and the selectable marker gene neomycin phos- 
photransferase II (nptll), and transformants were selected on 
medium containing the aminoglycoside analog Geneticin. 
Regenerated plants were treated with ABA or water for 24 hr, 
and GUS expression was observed visually by staining with 
5-bromo-4-chloro-3-indolyl P-D-glucuronide. The pattern of the 
histochemical stain is shown in Figure 2. All cells showed an 
intense blue stain after ABA treatment (Figure 2A), whereas 
the cells in the water-treated control were unstained or stained 
only weakly (Figure 28). The transgenic strain was also used 
to confirm the inductive effect of mannitol by growing tissues 
for 4 days on basal medium and then transferring to medium 
containing either 10-4 M ABA or 0.44 M mannitol. GUS activ- 
ity for the transgenic strain reported in Table 2 agrees with 
that of the transient expression assays and confirms that man- 
nitol acts as an osmotic stress agent to induce gene activity. 

ldentification of Proteins with DNA Binding Activity 

In wheat, a basic leucine zipper transcription factor (EmBP-1) 
has been shown to interact specifically with the ABRE (Guiltinan 
et al., 1990). To examine whether ABA induction in moss was 
due to an EmBP-1 homolog, DNA binding experiments were 

performed. Moss nuclear protein extracts were used in gel 
retardation assays with radiolabeled DNA probes containing 
the wheat ABRE. The results are shown in Figure 3A. In reac- 
tion mixtures containing increasing amounts of moss nuclear 
extract, increasing amounts of at least three retarded com- 
plexes were obtained. Binding was sequence specific as 
determined by competition experiments with unlabeled wheat 
ABRE fragments and a variant having the same 2-bp substi- 
tution in the high-affinity Emla site of the ABRE as the promoter 
construct pBMlaA, which did not function. DNase I footprint- 
ing was used to confirm that a moss nuclear factor bound 
specifically to the Emla site. Figure 3 8  shows that a 10-bp re- 
gion of DNA overlapping part of the Emla site, defined in 
cereals by methylation interference (Guiltinan et al., 1990), was 
footprinted by the m o s  nuclear extract. In an attempt to frac- 
tionate the nuclear extract, we found that the DNA binding 
activity would survive brief incubation at 90°C. Under this con- 
dition, the majority of nuclear proteins precipitated (data not 

Table 3. GUS Activity for the Six lndependent Experiments 
Whose Mean Values Are Shown in Treatment 2 of Table 2 

Experiment +ABA + Mannitol ABA: Mannitol 

1 2637 647 4.1 
2 2251 760 3.0 
3 4590 645 7.1 
4 1135 775 1.5 
5 504 23 21.9 
6 172 15 11.5 

Treatment and conditions are as given in Table 2. GUS activity is 
given as nanomoles of 4-methylumbelliferone per microgram of pro- 
tein per hour. 
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Figure 2. Pattern of GL/S Expression in 10-Day Protonemal Tissue
of Transgenic Moss Containing the 650-bp Em-GUS Fusion.

Tissue was stained with 5-bromo-4-chloro-3-indolyl p-D-glucuronide.
(A) Tissue treated with 10~4 M ABA.
(B) Tissue treated with water.
Bars = 100 nm.

shown). The moss Em binding protein activity therefore seems
to be heat stable.

DISCUSSION

In higher plants, the best characterized response to ABA is
stomatal closure. Although mosses have stomata that respond
to ABA (Garner and Paollilo, 1973), these are confined to the
sporophyte, which was not investigated in this study. In con-
trast to the plant hormones cytokinin and auxin, which have
been shown to play key roles in the developmental program
of mosses (reviewed in Cove, 1992; Cove and Knight, 1993),
the role of ABA has received little attention. Three reports as-
sociate ABA with water stress responses in mosses. Werner
et al. (1991) reported that ABA levels increase in Funaria
hygrometrica following slow dehydration and that this moss
is then more tolerant to subsequent dehydration. Furthermore,

Figure 3. In Vitro Analysis of ABRE-Moss Protein Interactions.

(A) Polyacrylamide gel demonstrating specific retardation of labeled
DNA by nuclear proteins. One nanogram of the labeled ABRE frag-
ment (10 to 15 x 103 cpm) was incubated with the following nuclear
proteins: lane 1, no protein; lane 2, 7 ng of nuclear protein extract;
lane 3,7 ng of extract plus 5 ng of unlabeled wild-type probe (CACGTG);
lane 4, 7 ng of extract plus 50 ng of unlabeled wild-type probe; lane
5, 7 |ag of extract plus 50 ng of unlabeled mutant probe (CCCGGG);
lane 6, 7 ng of extract plus 5 ng of unlabeled mutant probe; lane 7,
7 ng of extract plus 25 ng of unlabeled mutant probe.
(B) Sequencing gel demonstrating protection from DNase I digestion
by moss nuclear protein extract. Lane 1, G+A ladder; lane 2, no pro-
tein; lane 3, 5 ng of extract; lane 4, 7 ng of extract; lane 5, 10 ng of
extract. The sequence of the wild-type DNA strand is shown along-
side the gel indicating the region footprinted by the moss nuclear extract
and the extent of the Em1a site defined in cereals (black bar).
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ABA application alone can induce desiccation tolerance. It has 
been shown that new proteins accumulate in F: hygrometrica 
following ABA treatments (Bopp and Werner, 1993; Werner and 
Bopp, 1993). Goode et al. (1992) reported the acquisition of 
similar desiccation tolerance in a number of mosses, includ- 
ing P patens, following ABA application. 

In this study, we demonstrated that in P patens the synthe- 
sis of specific proteins is elicited by ABA and by treatment with 
mannitol. In higher plants, osmotic stress and ABA induce the 
synthesis of a shared set of low molecular m a s  (18 to 40 kD) 
heat-stable proteins (Close et al., 1989; Piatkowski et al., 1990; 
Robertson and Chandler, 1992; Butler and Cuming, 1993). In 
P patens, the molecular masses of the heat-stable polypep- 
tides are relatively high (Figure l ) ,  and they do not cross-react 
with antibodies raised against the cereal Rab or dehydrin pro- 
teins (A.C. Cuming, unpublished data). 

More significantly, we found a remarkable degree of similarity 
between the molecular responses of mosses and cereals; the 
same cis-acting promoter sequences were recognized in both 
wheat and moss. A 2-bp substitution in the Em7a site, which 
is sufficient to eliminate ABA-induced GUS activity in rice pro- 
toplasts (Marcotte et al., 1988), has the same effect in moss 
protoplasts. The strength of the promoter is clearly illustrated 
by the intensity of histochemical staining in Figure 2A and the 
high expression levels given in Table 2. A low leve1 of expres- 
sion was manifested in a few cells of the water-treated P patens 
control (Figure 2B); this may have been dueto  the presence 
of endogenous ABA. 

The behavior of the moss nuclear extract in competition as- 
says is consistent with the presence of an EmBP-1 homolog 
in moss (Devos et al., 1991). However, we have been unable 
to detect DNA homology following DNA gel blot hybridization 
analysis of moss genomic DNA using the wheat EmBf-7 cDNA 
under nonstringent hybridization conditions (S. Bahadur, un- 
published data). The fact that the DNA binding activity is 
relatively heat stable assists in its purification and molecular 
characterization. 

In conclusion, we showed that the moss t? patens exhibits 
ABA- and osmotic stress-induced changes in gene expres- 
sion and that, at least in part, ABA-regulated gene expression 
operates in a manner analogous to that observed in wheat. 
The wheat Em promoter is the strongest and best character- 
ized ABA-inducible plant promoter reported to date. Many 
molecular tools, therefore, exist to extend this characteriza- 
tion in m o s  and generate data of evolutionary interest, given 
the taxonomic distance between the two plant groups. More 
crucially, the experimental tractability of P patens as a model 
for the study of plant development offers enormous potential 
for the study of the ABA signal-perception pathway (Knight, 
1994). For example, transgenic t? patens containing the apoae- 
quorin gene (Russell, 1993) will enable researchers to 
investigate changes in calcium levels in response to ABA. Per- 
haps the overriding attribute, however, is that ABA-regulated 
gene expression is manifest in single cells. These include pro- 
toplasts, which are easy to obtain in large quantities and to 
manipulate, as well as protonemal cells, which are shown in 

Figure 2. An opportunity is thus presented to study the bio- 
chemistry of the entire ABA perception and transduction 
pat hway. 

METHODS 

Physcomitrella patens Culture 

The Gransden wild-type isolate (Schaefer et al., 1991) was used in this 
study. Plant cultures were maintained and subcultured as described 
by Ashton and Cove (1977). All experiments were initiated using plant 
tissue grown for 7 days under continuous light on agar medium over- 
laid with cellophane (Grimsley et al., 1977). 

Plasmids 

Plasmids pBM113kp, pBM200.15, pMG76.155, pBM233.3, and pBMlaA 
were constructed by Marcotte et al. (1989). Plasmid pLUG2 was con- 
structed by insertion of the 1.7-kb EcoRl fragment containing the 35s 
cauliflower mosaic virus-neomycin phosphotransferase 11 (nptll) cas- 
sette from plasmid pHP23 (Paszkowski et al., 1988) into the single site 
of pBM113kp (Marcotte et al., 1988). 

Protein Analysis 

For labeling experiments, 2-cm squares of cellophane (W. Canning, 
Bristol, UK) bearing protonemal tissue were transferred to two layers 
of filter paper (No. 3MM, Whatman, Maidstone, Kent, UK), soaked with 
water, abscisic acid (ABA), or mannitol at the concentrations indicated 
in the text, and incubated in sealed Petri dishes. lncubation was for 
6 hr at 25OC in the light prior to pulse labeling. For labeling, tissue 
was transferred onto a 50-pL droplet of %-methionine in incubation 
medium (880 pCilmL) that was placed on a square of Parafilm (Fisons, 
Loughborough, UK) that overlaid two layers of Whatman filter paper 
No. 3MM soaked with water to maintain a water-saturated atmosphere 
within the Petri dish during the incubation period. After 1.5 hr, tissue 
was ground with a mortar and pestle and homogenized with acid- 
washed sand in extraction buffer (25 mM Tris-CI, pH 7.5, 50 mM KCI, 
5 mM MgClp, 5 mM e-mercaptoethanol). The homogenate was clari- 
fied by centrifugation at 12,0009 for 10 min, and the supernatant was 
stored at -2OOC. For analysis of heat-stable proteins, aliquots of su- 
pernatant were boiled for 10 min. Coagulated proteins were removed 
by centrifugation (10 min at 12,0009, twice), and the residual superna- 
tant was used for electrophoresis. Labeled proteins were analyzed on 
SDS-polyacrylamide gels containing a 10 to 30% (wlv) linear gradient 
of acrylamide and detected byfluorographic exposure of the dried gel. 

Transient Expression Assays 

Plasmids were purified by standard procedures (Sambrook et al., 1989). 
Protoplast transformation was performed according to Schaefer et al. 
(1991). Following DNA uptake, protoplasts were incubated in the light 
in regeneration medium for 24 hr before the addition of 10-4 M ABA 
or water and then incubated for an additional 48 hr. Cells were dis- 
rupted for protein extraction, and e-glucuronidase (GUS) activity was 
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measured fluorometrically using the substrate 4-methylumbelliferyl 
S-o-glucuronide according to standard procedures (Jefferson et al., 
1987). Transformation by microprojectile bombardment was performed 
according to Sawahel et al. (1992). For analysis of transient reporter 
gene expression, tissue was harvested immediately after bombard- 
ment, fragmented in a blender, and transferred onto cellophane-overlaid 
medium containing either 10-4 M ABA, 0.44 M mannitol, or water. Af- 
ter 48 hr, tissue was homogenized by grinding with sand, and proteins 
were extracted for fluorometric analysis. 

Transgenic Moss 

Stably transformed plants expressing the npfll gene as well as the 
Em-GUS fusion were selected and maintained on medium contain- 
ing 50 pg/mL Geneticin (Sigma). Protonemal tissue was grown on 
cellophane-overlaid medium for 4 days before being transferred to 
medium containing W4 M ABA, 0.44 M mannitol, or water for 24 hr. 
Proteins were extracted for fluorometric analysis of GUS activity as 
described previously in the text, ora solution containing the histochem- 
ical stain 5-bromo-4-chloro-3-indolyl P-o-glucuronide (Jefferson et al., 
1987) was added to the undisturbed tissue. Stained cells were viewed 
by light microscopy after overnight incubation in darkness at 37OC. 

Preparation of Nuclear Extract 

Nuclei were isolated by a modification of the method described by 
Watson and Thompson (1986). Approximately 300 90-mm Petri dish 
cultures yielded 250 g of moss tissue, which was ground with an equal 
weight of purified sand with a pestle and mortar for 3 to 5 min. For 
each gram of tissue, 4 mL of buffer A (1 M hexylene glycol, 10 mM 
3-[N-morpholino]propanesuMonic acid-NaOH, pH 7.0, 10 mM MgC12, 
0.5% [vlv] Triton X-100,5 mM P-mercaptoethanol, 0.8 mM phenylmethyl- 
sulfonyl fluoride [PMSF]) was added, mixed, and poured sequentially 
through 80- and 45-pm nylon meshes. The supernatant was centrifuged 
at 30009 to sediment the nuclei, which were washed twice in 40 and 
20 mL of buffer B (as given for buffer A, except that 0.5 M hexylene 
glycol was used). Nuclei were stained after each centrifugation with 
4’,6-diamidino-2-phenylindole (1 pg/mL) and examined by fluorescence 
microscopy to determine their number and integrity. Hemocytometric 
analysis showed -25% recovery of nuclei. 

Nuclear extractswere prepared by a modification of the method de- 
scribed by Parker and Topo1 (1984). Nuclei were gently resuspended 
in 15 mL of lysis buffer (110 mM KCI, 5 mM MgClp, 15 mM Hepes-KOH, 
pH 7.6, 5 mM p-mercaptoethanol). Two milliliters of 2 M (NH4)2S04 was 
added dropwise with gentle mixing for 15 min, and the mixture was 
transferred to Ti 70centrifuge tubes (Beckman, High Wycombe, Bucks, 
UK). Chromatin and particulate material were sedimented by centrifu- 
gation at 40,000 rpm for 75 min. Proteins were precipitated by the 
addition of 0.3 g/mL (NH4)$304 with stirring for 30 min. The pellet was 
resuspended in 500 pL of nuclear extraction buffer (25 mM Hepes- 
KOH, pH 7.6,40 mM KCI, 0.1 mM EDTA, 10% [VIVI glycerol, 1 mM DTT, 
5 pg/mL antipain, 5 pg/mL leupeptin) and dialyzed for 3 to 4 hr against 
nuclear extraction buffer without protease inhibitors and with 5 mM 
P-mercaptoethanol substituted for DTT. lnsoluble material was removed 
by centrifugation at 12,0009 for 10 min. Extracts were frozen in ali- 
quots in liquid nitrogen and stored at -7OOC. Protein concentrations 
were estimated by measuring absorbance at 280 nm using BSA as 
the standard. 

Gel Retardation Assays 

The 75-bp wheat ABA-responsive element (ABRE)-containing frag- 
ment was released from plasmid pMG76.155 (Guiltinan et al., 1990) 
by digestion. Similarly, the mutant wheat ABRE-containing fragment 
was released from the plasmid pBM233.3. Both were end labeled with 
a-32P-dATP as described by Maniatis et al. (1982). DNA probes were 
purified by electrophoresis on a 6% (w/v) polyacrylamide gel and eluted 
in buffer (0.5 M ammonium acetate, 0.1% [w/v] SDS, 10 mM EDTA, 
10 mM magnesium acetate) at J7oC overnight followed by ethanol 
precipitation. Unlabeled wild-type and mutant competitor DNAs were 
isolated from 1.5% (w/v) agarose gels by electroelution or by a Qiaex 
DNA gel extraction kit (Qiagen, Dorking, Surrey, UK). 

Gel retardation assays were performed essentially as described by 
Guiltinan et al. (1990). Binding reaction mixtures (20 pL) contained 
10 to 15 x 103 cpm of end-labeled DNA, 24 mM Tris, pH 7.9, 24% (vlv) 
glycerol, 70 mM KCI, 0.14 mM EDTA, 0.95 mM PMSF, 2.15 mM DTT, 
15 mM MgCI,, 500 ng of poly(d1-dC), and competitor DNA as well as 
nuclear extracts as indicated in the legend to Figure 3A. The reac- 
tions were incubated at room temperature for 15 to 20 min and loaded 
onto a 6% (w/v) acrylamide native gel(4O:l acrylamide/bis-acrylamide, 
2.5% [v/v] glycerol) before electrophoresis in 25 mM Tris base, 190 
mM glycine, 1 mM EDTA, pH 8.3, at 4OC with constant recirculation 
of the buffer. Gels were transferred to Whatman filter paper No. 3MM 
and dried for autoradiography at -7OOC overnight. 

DNase I Footprinting Analysis 

DNase I footprinting was performed by a modification of the method 
of Galas and Schmitz (1978). Reaction mixes (20 pL) contained 10 to 
15 x 10 cpm of singly end-labeled DNA fragments, 500 ng poly(d1-dC), 
24 mM Tris, pH 7.9, 24% (v/v) glycerol, 70 mM KCI, 0.14 mM EDTA, 
0.95 mM PMSF, 2.15 mM DTT, and 15 mM MgCI2. Complexes were 
formed by the addition of 5 to 10 pg of nuclear protein extract (or no 
protein in the control sample) to the DNA mix, which was then incubated 
for 20 min at room temperature. GaCI, and MgCI2 were added to a 
final concentration of 0.4 and 0.2 mM, respectively. Four units of DNase 
I was added to each reaction, which were then incubated for 1 min 
at room temperature. Digestions were stopped by the addition of four 
volumes of DNase I stop solution (768 mM sodium acetate, 128 mM 
EDTA, 0.56% [w/v] SDS, 256 pg/mL yeast tRNA) and immediately fol- 
lowed by the addition of an equal volume of phenol-chloroform. 
Following extraction, the DNA was precipitated in ethanol and elec- 
trophoresed in an 8% (w/v) acrylamide, 7 M urea sequencing gel. DNA 
treated with the chemical sequencing G+A reaction of Maxam and 
Gilbert (1980) was also run on the same gel. The gel was dried and 
autoradiographed, as described previously in Methods. 
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