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Abstract Inastudy of the5'-flanking sequence of the Zea
mays L. (maize) Glbl genein vitro, serial promoter dele-
tions were generated and linked with the B-glucuronidase
(GUS) reporter gene. The promoter deletion-GUS fusions
were introduced into the maize P3377 cell line by particle
bombardment. GUS assays indicated that treatment of the
maize cultured cellswith abscisicacid (ABA) wasrequired
for Glbl-driven GUS transient expression, and that the
—272-bp sequence of the GIb1 promoter was sufficient for
ABA-regulated expression of GUS. Thelongest undeleted
sequence used, —1391 GUS, showed rel atively low expres-
sion which could be indicative of an upstream silencer ele-
ment in the Glb1 promoter between —1391 and —805. Fur-
ther studies show that the Glbl-driven GUS activity of
bombarded maize P3377 cells increases with increasing
ABA concentration (up to 100-300 pm). Site-directed mu-
tagenesisof aputative ABA response element, Em1a, abol-
ished GUS expression in P3377 cells. Thisobservation in-
dicated that the Emla sequence in the Glbl 5' regulatory
region is responsible for the positive ABA regulation of
gene expression.
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Introduction

The molecular mechanisms of plant responses to plant
growth regulators have been extensively studied for many
years. The molecular action of abscisic acid (ABA) has
been investigated in different tissues of a wide variety of
plants (Hetherington and Quatrano 1991). The geneencod-
ing maize seed storage protein GLB1 has been shown to
be positively regulated by ABA (Kriz et al. 1990; Paiva
and Kriz 1994). Nucleotide sequence analysis of the 5'-
flanking sequence of the Glbl gene indicated that ABA-
responsive elements (ABRES) similar to Eml1a, Em1b, and
Em2, which were first described in the wheat Em gene
(Marcotte et al. 1989), are also present in the 5' region of
the Glb1 gene at positions—118, —76, and —161 bp, respec-
tively (Belanger and Kriz 1991).

In this study, a series of Glbl promoter deletions, as
well asmutationsof the Emlaelement, were generated and
linked with a B-glucouronidase (GUS) reporter gene to
identify ABREsin the GIbl promoter region which arere-
sponsible for ABA regulation of gene expression. These
constructswereintroduced into cultured maize P3377 cells
by particle bombardment, and transient assays were per-
formed to determine GIbl promoter activity. We provide
evidence that ABRESs are responsible for the positive reg-
ulation of Glbl gene expression by ABA, and that an up-
stream silencer between —805 and —1391 bp may nega-
tively regulate Glb1 gene expression.

Materials and methods
Maize cultured cells

Maize P3377 suspension cultures were developed from pooled im-
mature embryos of the self-pollinated hybrid Pioneer 3377 (Duncan
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Fig. 1 Schematic presentation Hind I BamHI
of the method for site-directed
mutagenesis using PCR (Landt Glb1 promoter GUS NOS 3'
et al. 1990). Primer 1 and prim- _—
er 2 were used for the first -
PCR; primer 3 and the product - -
of the first PCR were used as 1 5
primers for the second PCR First PCR products
Hind I BamHI
Second PCR products |
ABm1 or ABm2
Emla of Em gene: ACGTGGCGC Marcotte et al., 1989
Emlaof G/bI gene: ACGTGGCGA Belanger and Kriz, 1991
ABm1 of GIbI gene: CCATGGCGA
ABm2 of GIbI gene: ACGTGGTAC

and Widholm 1991). Suspension cultures were maintained in
AMCF-ARM medium (Duncan et a. 1985) with 7-day subcultures
inthedark at 28°C with 115 rpm continuous shaking. For ABA treat-
ment, the cellswere collected by suction filtration on 4.25-cm What-
man no. 1 filter paper and precultured on CSM medium [D medium
(Duncan et al. 1985) with 531 mm mannitol], plus or minus ABA
(100 pm) inthe dark for 24 h at 28°C (ABA wasfilter sterilized and
added to the autoclaved medium after partial cooling).

RNA extraction and northern blot analysis

Total cellular RNA was prepared using the method of Shirzadegan
et al. (1991), with slight modifications. The P3377 suspension cells
were collected and precultured on CSM medium either treated with
100 um ABA for 24 h or without ABA. About 100 mg of the cells
was frozen in liquid nitrogen and homogenized using 400 pl of hot
phenol extraction buffer, which is phenol containing 0.1 m LiCl,
0.1 m Tris-HCI (pH 8.0), 0.01 m EDTA, and 1% SDS preheated at
80°C. Anequal volumeof chloroform/isoamyl a cohol (24:1) extrac-
tionfollowed and 4 m LiCl was used to precipitatethe RNA. Ten mi-
crograms of total denatured RNA from both ABA-treated and un-
treated tissues was separated on a 1.2% agarose gel containing for-
maldehyde (Maniatis et al. 1982). Northern blot analysis using the
fragment of Glb1 cDNA clone as probe was performed as described
earlier (Paiva and Kriz 1994).

Promoter deletions

To generate promoter deletions, the EXO/MUNG sequencing kit
from Stratagene (La Jolla, Calif.) was used to produce unidirection-
al deletions of different sizes. Twenty-five micrograms of the Glbl
promoter ppGlb1P4 (Liu and Kriz 1996) was digested with 200 units
of Clal and then subjected to thioderivative fill-in to produce blunt
endswith deoxy-thioderivatives. After fill-in, DNA was cut with 200
unitsof Hindll1 to produce5' overhangs. The5' overhangsweretreat-
ed by EXO and a series of deletions were produced in one of the
DNA strands. The deletion reactions were followed by mung bean
nuclease treatment to produce double-stranded del etions, and the re-
sulting blunt-ended DNA was ligated with T4 DNA ligase. Single
colonies from the ligation mixture were screened by BamHI diges-
tion and the desired deletions were selected. Double-stranded DNA
sequencing was performed by the dideoxy-mediated chain termina-
tion method described by Maniatis et al. (1982) to determine the ex-

act site of deletions. All the selected del etion constructs were digest-
ed with Sall/BamHI to release the corresponding fragments and these
were cloned into a GUS vector pUC19GUS at Sall/BamHI sites
(PUC19GUS isapUC19 vector containing the GUS reporter region
constructed by subcloning the Xbal/EcoRI fragment of pB1101 from
Clonetech Laboratories, Palo Alto, Calif. into pUC19 at the Xbal/
BamHI sites.).

Site-directed mutagenesis using PCR

To mutatethe Emla-element, two primerswere designed asfollows:
ABml (5 ACGGGTCGCCATGGCCCGCCG 3'); ABm2 (5' CA-
CACGGGGTACCACGTCCCG3'). Theoligonucleotidesweresyn-
thesized on an Applied Biosystem Model 380A DNA synthesizer at
the Genetic Engineering Facility of the University of Illinois Bio-
technology Center. For rapid site-directed mutagenesis using PCR,
amethod described by Landt et al. (1990) was modified. M utagen-
esiswas performed in atwo-step PCR (Fig. 1). Inthefirst step, a5’
universal primer (reverse primer from bluescript 5 AAC AGC TAT
GAC CAT G 3') and the 3' mutagenic primer (ABm1 and/or ABm2)
were used to generate a 1300-bp doubl e-stranded mutated fragment.
This intermediate fragment was then purified with a Geneclean 11
kit (Bio 101, La Jolla, Calif.). Then the mutated fragment was then
used as the 5" mutagenic primer in the second PCR together with a
3" universal primer (the GUS primer from Clontech,
5' TCACGGGTT GGGGTTTCTAC 3'). The 1500-bp product of the
second PCR fragment was purified asabove, and digested with Bam-
HI and Hindll1. The 1400-bp BamHI/Hindl Il fragment, which con-
tains the mutated Emla element, was then ligated into the
pUC19GUS vector which was also cut with BamHI and HindllI.
Double-stranded DNA sequencing was performed by the dideoxy-
mediated chain termination method described by Maniatis et al.
(1982) to confirm the mutations.

Particle bombardment

Particle bombardment was carried out with the Biolistic PDS-
1000/He Particle Delivery System (Bio-Rad Laboratories, Rich-
mond, Calif.) as recommended by the manufacturer's instructions.
Five micrograms of each plasmid DNA was used for particle bom-
bardment. To prepare samples, the suspension cells were collected
onto sterile 4.25-cm Whatman no. 1 filter paper disksthat weretrans-
ferred to CSM agar plates with or without ABA for 24 h in the dark
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Fig. 2 Upper panel Agarosegel analysisof 10 pg of total RNA ex-
tracted from P3377 mai ze suspension cellstreated with ABA for 24 h
showing relative amounts of rRNA (lane 1 — ABA; lane 2 +ABA,
100 pm). Lower panel Northern blot of total RNA extracted from
maize P3377 cell culture as shown in the upper panel using the Glb1-
specific cDNA fragment as probe (lane 1 — ABA; lane 2 +ABA,
100 pm)

at 28°C. On the day of bombardment, the precultured calli on the
disksweretransferred onto three pieces of Whatman no. 3 filterspre-
soaked in asterile Petri dish with 5 ml CSM liquid medium. For one
experiment, each construction had two duplicateplatesand each plate
was bombarded twice. Two experiments were performed separately
for every construction. After bombardment, the calli on the filter
disksweretransferred back to CSM in the dark with or without ABA
at 28°C for 24 h and then subjected to GUS assay after 24 h (Jeffer-
son et al. 1987).

Fig. 3 Deletions of the Glbl

gene 5'-flanking sequence were -1391

Results
Northern analysis

When Northern analysiswascarried out with RNA prepared
from P3377 cells treated for 24 h with 100 um ABA, the
Glbl1 and GIb2 transcripts accumul ated to high levels, while
themRNAswere present at very low levelsinuntreated cells
(2.4- and 1.7-kb bands, respectively; Belanger and Kriz,
1991; Paivaand Kriz, 1994 (Fig. 2). Thisindicated that the
maize P3377 cells can be used for transient studies of Glbl
gene expression, since the Glbl geneis expressed highly in
the cell line upon treatment with exogenous ABA.

Transient GUS assays of deleted Glblpromoter-GUS
fusions

A set of nested promoter deletion constructs were gener-
ated from ppGlb1P4 (Liu and Kriz 1996) and subcloned
into the pUC19GUS vector. Of the seven del etions sel ected
(Fig. 3), —86 wasthe shortest construct and did not contain
the Em2 and Emla sequences, while —1391 is the longest
complete promoter without deletion. The deletion con-
structs (Fig. 3) and a 35S GUS (pB1221,Clonetech Labor-
atories) control plasmid were introduced separately into
the maize P3377 cells by particle bombardment. Transient
GUS assays indicated that the treatment of the cells with
ABA isrequired for Glb1-driven GUS expression (Fig. 4)
because little or no GUS activity was observed in the ab-
sence of ABA (Fig. 5). Sequences between —86 and —385
are necessary for Glbl expression since the highest GUS
activity in ABA-treated calluswas observed with the —295
GUS, and no expression was detectablewith—86 GUSeven
in the ABA-pretreated cells. It is interesting to note that
the intact 1391-bp promoter construct, ppGlb1GUS, has
lower expression compared to pp—295GUS.

The effects of ABA levels on Glbl gene expression
To determine the optimum ABA concentration for Glbl

gene regulation, the maize P3377 suspension cells were
precultured on CSM medium supplemented with ABA lev-

Em2 Emla Emlb TATA

generated by Exolll/mung bean

\ \ /+17 GUS

nuclease treatment and cloned
into a plasmid containing the
GUS cDNA sequence and the
3' nopaline synthase (NOS) ter-
minator region. The Em-la-
belled sequences correspond to

-805 -161-118-76-36

-358

-295
[

those described by Marcotte et
al. (1989) as being ABREsin
the wheat Em gene. The Em2,
Emla, Emlb and TATA se-

Emla ACGTGGCGA
Emlb ACGTAGCCG
Em2 CGAGCCAG

-272
1

guences are at —161, —118, —76,
and —36, respectively. The
lengths are not drawn to scale
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Fig. 4 The effects of promoter deletions on the GUS activity of
maize P3377 suspension cells pretreated for 24 hwith 100 um ABA.
GUS activity was expressed as numbers of blue spots per Petri dish
after each bombardment. The bars represent results from two indi-
vidual experiments with standard derivation
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Fig. 5 The effects of pretreatment for 24 h with various ABA con-
centrations on GUS activity of the maize P3377 suspension cells af -
ter bombardment with —295 GUS. GUS activity was expressed as
numbers of blue spots per Petri dish after each bombardment. The
bars represent results from two separate experiments with standard
derivation

els of 0, 50, 100, 200, and 300 pm for 24 h, and the calli
were then bombarded with the—295 plasmid which had the
highest Glb1-driven GUS activity with the 100 um ABA
treatment (Fig. 4). GUS assays performed 24 h after bom-
bardment (Fig. 5) showed that the Glbl-driven GUS ex-
pression in maize P3377 cellsis stimulated by ABA con-
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Fig. 6 The effects of specific mutations of the Emla element as
shown inFig. 1 onthe GUS activity of maize P3377 cells after bom-
bardment with Abm1 and Abm2 as measured by the number of blue
spots per plate. The bars represent results from two separate experi-
ments with standard derivation

centrations up to about 100 um and the activity remains
high at 200 and 300 pm.

The effects of mutations of the EmZla sequence
on Glbl expression

The ABRE element consensus sequence at —118 was mu-
tagenized as shown in Fig. 1. The base changesin the mu-
tated element denoted Abm1 were in the core ACGT se-
guence that was changed to CCAT, while the changes in
Abm2 werein the 3' end changing CGA to TAC. The mu-
tated plasmids and 35S GUS and —1391 GUS were bom-
barded into maize P3377 calli which had been precultured
with 100 pm ABA for 24 h. Transient GUS assays showed
that both mutations of the Emlaelement abolished the re-
sponsiveness of the Glb1 promoter to exogenous ABA be-
cause no GUS activity was detectable after bombardment
with either mutated Emla element (Fig. 6).

Discussion

Previous studies have shown that the results of expres-
sion analyses of 5' regulatory sequences in transient as-
says are usually similar to those found in stably trans-
formed tissues (Walker et al. 1987; Ellis et al. 1987).
Thus, many studies of gene regulation have been con-
ducted using transient rather than stable transformation
assays due to speed and ease. The maize P3377 suspen-
sion cell cultureswere derived from P3377 immature em-
bryos, and could be similar to the embryo tissue where
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the GIbl gene is normally expressed. Northern analyses
(Fig. 2) and GUS assays (Fig. 5) showed that, in the pres-
ence of exogenous ABA, high levels of Glb1 transcripts
are detected and that the expression is ABA dependent.
Thisindicatesthat the Glb1l geneis expressed in this cell
line upon exogenous ABA treatment as in developing
seeds. GU S expression was not seen when thisfusion con-
struct was bombarded into the more friable, fine-textured
Black Mexican Sweet (BMS) suspension cells (data not
shown). This may indicate that the trans-acting factors
which are responsible for embryo-specific and/or ABA-
responsive expression are present in the P3377 cell line
upon ABA treatment but not in the BMS cell line. Thus
the P3377 system is ideally suited for the study of tran-
sient GIbl gene expression. No GUS expression was
found with the shortest deletion construct, —-86GUS,
whichlacksthe Emlaand Em2 elements, eveninthepres-
ence of ABA. The —272 bp sequence of the Glbl pro-
moter, that does contain the Emla and Em2 elements, is
sufficient for ABA-regulated expression of GUS in our
transient assay. These results indicate that the putative
ABREs are required for the positive ABA regulation of
Glbl gene expression. The —1391 GUS construct shows
relatively low expression compared to most of the other
constructsincluding —805, which indicatesthat there may
be an upstream silencer in the GlIbl promoter region
between —805 and —1391. A similar result was reported
for the wheat Em gene when deletion of the Em promoter
to —650 bp showed an increase in GUS activity over the
—1800-bp whole promoter in a rice protoplast culture
system (Marcotte et al. 1988). They suggested that a si-
lencer element (Marcotte et al. 1988) ispresent inthe Em
promoter between —1800 and —650 bp.

When the —1391 Glb1 promoter was used to drive GUS
expression in stably transformed tobacco, the expression
was also found to be embryospecific and to be inducible
in mature seed (Liu and Kriz 1996). Since none of the de-
letion constructs were used in the tobacco transformation
experiments, we do not know if the —295 GUS construct
would be more active in tobacco than the whole promoter
as found in transient assays here with the P3377 cells. It
appears, however, that the Glb1 promoter doeswork prop-
erly in the dicot tobacco, although we found the whol e pro-
moter to have lower expression in the P3377 cells. Further
experiments are needed to more fully understand the reg-
ulation of Glbl1 expression, especially the low expression
noted with the —1391 promoter fragment.

We have found a clear and saturable effect of ABA on
Glbl-driven GUS activity of bombarded maize P3377
cells. Similar results were reported by Bostock and Qua-
trano (1992) who used ABA and NaCl asinducersin their
studies of regulation of Em expression in rice suspension
culture cells. When NaCl was added in combination with
ABA, it was determined that salt interacts with ABA syn-
ergistically in the regulation of Em gene expression by in-
creasing the sensitivity of rice cellsto ABA. The P3377-
Glbl transient expression system could also be useful for
studying the regulation of the GIb1 gene by salt, ABA, and
other stresses.

Additional evidenceto suggest that the Emlasequence
in the Glbl 5' regulatory region is responsible for the
positive ABA regulation of gene expression was obtained
following site-directed mutagenesis of the Emla of Glbl
to make the Abm1 and Abm2 constructs (Fig. 1). When
these mutated sequences were used in transient expression
assays, GUS activity was undetectable (Fig. 6). Since
the Emla element contains the highly conserved
ACGTGGCGC motif sequence, any change in the motif
sequence may lead to changes in the specific binding ac-
tivity of the trans-acting factors and therefore prevent ex-
pression of the Glbl gene.

Guiltinan et al. (1990) identified a protein (EmBP-1)
that interacts specifically with the ABRE in wheat embryo
nuclear extracts and found that a 2-bp mutation from
ACGTIGGCGC to CCGGGGCGC within the Emla ele-
ment preventsthein vitro binding. We can anticipateasim-
ilar sequence-specific binding of thistype of proteinto the
Emlaelement in the Glbl promoter region.

The cultured P3377 cells have been used for stress-in-
duced gene expression studies (Paul and Ferl 1991; Sub-
baiah et al. 1994) and we found that this cell lineisideal
for ABA-induced gene regulation studies. Since the cul-
tured P3377 cellshavetheadvantages of rapid growth, high
yield, easy collection, and good responsesto external stim-
uli, this system provides a rapid, sensitive means for ana-
lyzing Glb1-GUSfusionsin cellsreceiving different treat-
ments. This system could also be used for other studiesin-
volving ABA-regulated gene expression.
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