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Abstract

Starch branching enzymes (SBE) which catalyse the formation of a-1,6-glucan linkages are of crucial importance for the
quantity and quality of starch synthesized in plants. In maize (Zea mays L.), three SBE isoforms (SBEI, IIa and IIb) have been
identified and shown to exhibit differential expression patterns. As a first step toward understanding the regulatory mechanisms
controlling their expression, we isolated and sequenced a maize genomic DNA (−2190 to +5929) which contains the entire
coding region of SBEI (Sbe1) as well as 5∞-and 3∞-flanking sequences. Using this clone, we established a complete genomic
organization of the maize Sbe1 gene. The transcribed region consists of 14 exons and 13 introns, distributed over 5.7 kb. A
consensus TATA-box and a G-box containing a perfect palindromic sequence, CCACGTGG, were found in the 5∞-flanking region.
Genomic Southern blot analysis indicated that two Sbe1 genes with divergent 5∞-flanking sequences exist in the maize genome,
suggesting the possibility that they are differentially regulated. A chimeric construct containing the 5∞-flanking region of Sbe1
(−2190 to +27) fused to the b-glucuronidase gene (pKG101) showed promoter activity after it was introduced into maize
endosperm suspension cells by particle bombardment. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction tissues such as meristems, pollen grains and root cap
cells. The major site of reserve starch accumulation is
in the amyloplasts of storage organs including seeds,Starch, the major storage carbohydrate of most higher
fruits and tubers (reviewed in Shannon and Garwood,plants, is synthesized in both photosynthetic and non-
1984; Martin and Smith, 1995). Starch also providesphotosynthetic cells and can be divided into two types,
carbon and energy for vegetative and reproductive devel-transitory and reserve, which are differentially utilized
opment and plays a very important role in buffering theby plants. A typical example of transitory starch can be
level of soluble sugar via a diurnal starch–sucrosefound in photosynthetic organs such as leaves, in which
interconversion cycle (Stitt et al., 1987). According tostarch is accumulated in chloroplasts during the day
the starch–statolith theory, starch is also involved inand is mobilized for translocation at night. Transitory
sensing gravity (reviewed in Salisbury, 1993).starch can also be synthesized in the non-photosynthetic

Starch is not only a major source of food and feed
but also is an important industrial commodity through-
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Starch is found as a water-insoluble granule consisting Preiss (1993) showed that SBEI prefers amylose to
amylopectin as substrate in vitro, whereas SBEIIa andof crystalline and amorphous regions and is mainly

composed of two different polysaccharides, amylose and IIb preferentially catalyse amylopectin. This led to the
hypothesis that SBEI produces slightly branched mole-amylopectin (Takeda et al., 1988). Amylose is consid-

ered to be an essentially linear a-1,4-linked glucose chain cules, which would then serve as substrates for the
action of SBEIIa and IIb. In this way, each SBE isoformof about 1000 residues long and is associated only with

the amorphous regions. In contrast, amylopectin is a may be responsible for a unique aspect of amylopectin
biosynthesis and structure. Despite the well-charac-more highly branched macromolecule consisting of

linear a-1,4-glucose chains with a-1,6-glucosidic bonds terized biochemical properties of each SBE isoform in
maize, how each SBE isoform contributes to the synthe-at branch points. Branches occur about every 21 glucose

residues ( Kainuma, 1988). Amylopectin is present in sis of the amylopectin fraction of starch in vivo is still
poorly understood.both areas but is considered to be solely responsible for

the crystallinity of the starch granule. Usually, amylose Isolation of the maize cDNAs encoding SBE isoforms
(Sbe1, 2a and 2b) enabled the investigation of the Sbeand amylopectin constitute about 23–31% and 69–77%

of starch, respectively. However, the proportion can genes at molecular level (Fisher et al., 1993, 1995; Gao
et al., 1996, 1997). Fisher et al. (1996) determined thatvary considerably depending on starch source (Shannon

and Garwood, 1984). Since the two polysaccharides, SBEIIa and IIb are the products of separate genes, and
Gao et al. (199, 1997)) demonstrated that the Sbe genesamylose and amylopectin, have distinctive properties, it

is apparent that the ratio of amylose and amylopectin are differentially expressed during kernel development
and in various tissues, suggesting that they play distinctis important in determining many of the chemical and

physical properties of starch. roles in starch biosynthesis. As a first step toward
understanding the regulatory mechanisms controllingStarch branching enzymes (EC 2.4.1.28) have been

shown to catalyse the formation of amylopectin by Sbe gene expression, we isolated a full-length maize
genomic DNA fragment containing the entire Sbe1 gene.introducing a-1,6 branch points into the linear

a-1,4-linked glucose chains. Recent genetic and biochem- Structural and functional analysis of this gene reported
in this manuscript revealed a complete genomic organ-ical evidence has shown that starch debranching enzyme

(EC 2.4.1.41), which hydrolyzes a-1,6 glycosidic bonds, ization and demonstrated the transcriptional activity of
its promoter region.also plays an important role in producing the final

branching pattern of amylopectin (James et al., 1995).
Apparently, the balanced actions of starch branching
enzymes (SBE) and debranching enzymes are critical in 2. Materials and methods
determining the final degree of branching in amylopec-
tin. Although ADP-glucose pyrophosphorylase (EC 2.1. PCR amplification
2.7.7.23) is known to catalyse a rate-limiting reaction in
starch biosynthesis, SBEs also facilitate starch synthesis Maize (Zea mays L., inbred W64A) genomic DNA

prepared from 22-DAP kernels using the method ofby increasing the number of non-reducing ends, the sites
of glucose addition by starch synthases (EC 2.4.1.21). Rogers and Bendich (1985) was amplified in a 50-ml

reaction mixture containing 1 mg of target DNA, 1 mMThus, SBEs are of crucial importance for the quantity
and quality of starch synthesized in the plant (Edwards of each primer, 200 mM of each dNTP, 10 mM

Tris–HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 0.01%et al., 1988). In fact, mutation in Sbe genes of pea,
maize and rice severely decreased total starch content gelatin (w/v), and 2.5 U of Taq DNA polymerase

(Boehringer Mannheim, Indianapolis, IN, USA). Theand changed the ratio of amylose and amylopectin
(Shannon and Garwood, 1984; Smith, 1988; Mizuno mixture without dNTP was overlaid with 50 ml of

mineral oil (Sigma, St. Louis, MO, USA) and incubatedet al., 1993).
Multiple forms of SBEs have been identified and for 5 min at 94°C. The dNTPs were added to the mixture

at the end of the incubation and then the mixture wascharacterized biochemically from various plants, includ-
ing rice, spinach, pea, potato, teosinte, and maize cycled 35 times in a thermal cycler (ERICOMP, San

Diego, CA, USA) as follows: 94°C for 30 s; 55°C for(reviewed by Preiss, 1991; Martin and Smith, 1995). In
maize, three SBE isoforms (SBEI, IIa and IIb) were 1 min; and 72°C for 2 min; with a final 72°C extension

of 7 min. The primers were designed according to theseparated by anion-exchange chromatography (Boyer
and Preiss, 1978a,b). SBEI is quite different from SBEIIa published sequence data of the maize partial Sbe1 cDNA

(Baba et al., 1991). The 5∞ primer, 5∞-GACT-and IIb in molecular size, biochemical and enzyme
kinetic properties, and immunological reactivity. In con- GAATTCCTGCGCAGGAGGCAGAGCTT-3∞, and

the 3∞ primer, 5∞-GATCGAATTCCATAGATAC-trast, SBEIIa and IIb are very similar, but not identical,
in many biochemical and immunological properties GTGGAGCAGCA-3∞, are homologous and comple-

mentary to DNA sequences of the maize Sbe1 cDNA(reviewed in Preiss, 1991; Fisher et al., 1996). Guan and
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from 438 to 457 bp and from 745 to 764 bp, respectively. and c-32P-ATP (Sambrook et al., 1989). Approximately
105 cpm of the labeled primer was hybridized at 35°CEach primer contains an EcoRI restriction enzyme site

and four extra nucleotides (underlined) at their 5∞ ends with 10 mg of total RNA, which was isolated from
30-DAP maize kernels (B73) according to the protocolfor convenience of subsequent cloning of the PCR

product. After amplification, 15 ml of the reaction of Vries et al. (1988). After hybridization for 8 h,
complementary DNA was synthesized from the annealedsample was run on an agarose gel (1.5%,w/v) in 1×TAE

buffer containing 0.04 M Tris-acetate and 1 mM EDTA. primer by the addition of reverse transcriptase and
dNTP. Following the addition of EDTA and RNAaseA single PCR product of approx. 0.5 kb was detected

on an ethidium bromide-stained agarose gel, digested A into the reaction, the nucleic acid was precipitated
with ethanol. The reaction products were resuspendedwith EcoRI restriction enzyme and cloned into the

corresponding site of pBluescript SK− (Stratagene, La in sequencing gel loading buffer, denatured at 95°C,
electrophoresed through a 5% polyacrylamide sequen-Jolla, CA, USA) creating plasmid pB1.
cing gel (w/v), and visualized by autoradiography. In
order to provide size markers, part of the Sbe1 gene2.2. Maize genomic library screening and DNA

sequencing was sequenced with the same primer used in the primer
extension experiment.

An EMBL-3 genomic library (Clonetech, Palo Alto,
CA, USA) prepared from maize seedlings (two-leaf 2.4. 3∞-rapid amplification of cDNA ends (3∞-RACE)
stage, B73) was screened essentially according to
Sambrook et al. (1989). Approximately 3×105 pfu were To isolate the 3∞-end of the Sbe1 transcript, the 3∞-

RACE method was used (Frohman et al., 1988). First-transferred onto nylon membranes (Hybond-N+,
Amersham, UK ) and hybridized with the 32P-labeled strand cDNA synthesis reaction was performed as fol-

lows: 14 ml of a mixture containing 5 mg of total RNASbe1 genomic PCR product excised from pB1.
Hybridization was performed at 55°C for 20 h in 0.5 M from 30-DAP maize kernels (B73) and 50 pmol of a 39-

bp oligonucleotide with 17 dT residues and an adaptorNa2HPO4 (pH 7.2) and 7% SDS (Church and Gilbert,
1984) with gentle agitation at 40 cycles per minute on a sequence, 5∞-GGTCGACTCGAGTCGACATCGATT-

TTTTTTTTTTTTTTT-3∞, was heated at 70°C forrotary shaker. Following the hybridization, filters were
washed twice in 5% SEN (5% SDS (w/v), 1 mM EDTA, 10 min and quickly chilled on ice. To the chilled sample,

2 ml of 10×synthesis buffer (200 mM Tris–HCl (pH0.04 M Na2HPO4, pH 7.2) and once in 1% SEN (1%
SDS, 1 mM EDTA, 0.04 M Na2HPO4, pH 7.2) for 8.4), 500 mM KCl, 25 mM MgCl2, and 1 mg/ml BSA),

1 ml of 10 mM dNTP mix, 2 ml of 0.1 M DTT and 1 ml15 min at 65°C. Plaques strongly hybridizing to the
probe were selected and purified through three rounds (200 U ) of SUPERSCRIPT reverse transcriptase

(GIBCO BRL, Grand Island, NY, USA) were addedof screening. Phage DNAs were isolated from the posi-
tive plaques according to Chisholm’s method (Chisholm, and incubated at room temperature for 10 min. The

reaction mixture was then placed in a 42°C water bath1988) and were digested with PstI to release the inserts
from the EMBL-3 vector. The restriction fragments for 50 min and transferred to a 90°C water bath. After

5 min incubation, 1 ml of RNase H (2 U/ml ) was addedwere separated on a 0.8% agarose gel and blotted onto
nylon membranes. The blots were probed with and incubation at 37°C was continued for 20 min. Next,

the first-strand cDNA obtained was amplified directly32P-labeled full-length Sbe1 cDNA (Fisher et al., 1995)
as described above and hybridizing DNA fragments by the PCR method using a gene-specific primer (5∞-

GACTGAGCTCATACCAAATGAAGCCAGGAG-3∞),were identified and subcloned into pBluescript SK−.
DNA sequences were determined by the dideoxynucleo- which is homologous to sequence of the Sbe1 gene from

+5382 to +5401, and an adaptor primer (5∞-tide chain termination method (Sanger et al., 1977) with
Sequenase Version 2.0 (United States Biochemical, GGTCGACTCGAGTCGACATCGA-3∞). After ampli-

fication, a single DNA band detected on an agarose gelCleveland, OH, USA). Sequence analyses were per-
formed using programs from DNASTAR (Madison, (1.5%, w/v) was isolated and digested with SacI and

XhoI (underlined within the primers). The resultingWI, USA).
fragment, approx. 350 bp in length, was cloned into a
pBlusScript SK− (pB13R) and sequenced.2.3. Primer extension analysis

To locate the transcription initiation site of the Sbe1 2.5. Genomic DNA blot analysis
gene, an oligonucleotide, 5∞-GGCGACACGAGG-
CACAGCAT-3∞, which is complementary to the sense Maize genomic DNA was prepared from 7-day-old

etiolated seedlings (inbred B73) according to the methodstrand sequence of the Sbe1 cDNA from +1 to +20
relative to the translation start site (ATG) was radiola- described by Junghans and Metzlaff (1990). Ten micro-

grams of genomic DNA was digested with restrictionbeled at its 5∞ terminus with T4 polynucleotide kinase
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enzymes BamHI, EcoRI, BglI, and HindIII, separated 2.7. Transient gene expression assay
on 0.8% agarose gels, and transferred onto nylon mem-
branes (Hybond-N, Amersham, UK) in 20×SSC con- Suspension culture cells of maize endosperm (inbred

A636), kindly provided by J.L. Anthony (DEKALBtaining 3 M NaCl and 0.3 M sodium citrate (pH 7.0)
according to Sambrook et al. (1989). The DNA was Genetics Corporation, Mystic, CT) were grown in

250-ml large-mouth Erlenmeyer flasks containing 80 mlcrosslinked to the membrane by 3.5 min of UV irradia-
tion on a transilluminator (312 nm). The genomic blots of Murashige and Skoog basal salt medium (Murashige

and Skoog, 1962) supplemented with 0.4 mg/l thiamine,were prehybridized at 65°C for 1 h in 0.5 M Na2HPO4
(pH 7.2), 7% SDS, and 100 mg/ml denatured salmon 2 g/l asparagine, and 30 g/l sucrose (Shannon and Liu,

1977). The culture was maintained in the dark at 29°Csperm DNA. Using the random primed DNA labeling
kit (Boehringer Mannheim, Indianapolis, IN, USA), on a rotary shaker (120 rpm) and was subcultured every

7 days by transferring a portion of the cell suspension25 ng of a full-length Sbe1 cDNA (Fisher et al., 1995)
was labeled with [a-32P]-dCTP. This labeled probe was into fresh medium. For particle bombardment, the grow-

ing cells (3 days after subculture) were evenly distributedadded to the prehybridization solution and incubated at
65°C for 18 h. Blots were washed twice in 5% SEN and over the surface of three layers of filter paper ( Whatman

No. 4, 55 mm in diameter) moistened with 3 ml of theonce in 1% SEN for 15 min at 65°C and were exposed
to Kodak X-AR film at −80°C for 48 h using two liquid medium and positioned in the middle of a 10-cm

Petri dish. Three milligrams of 1.6-mm gold particlesintensifying screens.
were coated with 10 mg of pKG101 according to the
method described by Xu et al. (1996) and introduced2.6. Construction of Sbe1 promoter-UidA expression

plasmids into the cells using a Bio-Rad PDS-1000/He Biolistic
Particle Delivery system. Bombardments were per-
formed at 650 psi under a vacuum of 26 inches of HgTo make a transcriptional chimeric construct con-

sisting of the Sbe1 promoter (−2190 to +27) fused to with a distance of 10 cm between the cells and the
microprojectile launch site of the particle gun. Followinga b-glucuronidase (GUS) reporter gene, UidA, a BamHI

restriction enzyme site was created just before the the bombardments, the Petri dishes were sealed with
parafilm and then incubated in the dark at 25°C for 24 h.translation initiation site of the Sbe1 gene as follows:

the DNA sequence between −253 and +27 of the Sbe1
gene was amplified via polymerase chain reaction using 2.8. Histochemical GUS staining
Pfu DNA polymerase (Stratagene, La Jolla, CA, USA)
to enhance the fidelity of PCR amplification. The 5∞ Histochemical assays of GUS activity were performed

according to the method described by Jefferson (1987)primer, 5∞-CCAGCTCCACGGTTGTT CGTGT-3∞, is
homologous to sequence of the Sbe1 gene from −253 with minor modifications. Briefly, after 24 h incubation,

cells on the filter paper were transferred into Petri dishesto −232. An ApaI restriction enzyme site (GGGCCC )
is located immediately downstream of the 5∞-primer- containing 2 ml of GUS staining solution (50 mM

sodium phosphate buffer (pH 8.0), 0.05 mM potassiumbinding region of the Sbe1 promoter, −203 to −198.
The 3∞ primer, 5∞-CGATGGATCC TGTGAC- ferricyanide, 0.05 mM potassium ferrocyanide, 0.2%

Triton X-100 (w/v), 20% methanol (v/v), and 1 mg/mlGGCGTGTGAGT CCC-3∞, consists of a DNA
sequence complementary to that of the Sbe1 gene from 5-bromo-4-chloro-3-indolyl-b--glucuronide). The Petri

dishes were then sealed and incubated at 37°C overnight.+8 to +27 and a BamHI restriction enzyme site
(GGATCC ) flanked with four random nucleotides The cells were examined and photographed under a

Nikon SMZ-U dissecting microscope.(underlined). The PCR product was digested with ApaI
and BamHI, and the resulting 236-bp fragment was
cloned into pBluescript SK− and sequenced in order to
verify that no misincorporation had occurred in the 3. Results
DNA sequence during the PCR amplification. To incor-
porate this mutation into the context of a longer pro- 3.1. PCR amplification of maize genomic DNA
moter fragment, the Sbe1 genomic clone (l5-1-1) was
digested with SalI to isolate the approximately 3.0-kb In order to obtain a DNA probe for genomic library

screening, maize genomic DNA prepared from 22-DAPfragment, which was then blunt-ended with Klenow and
ligated with PstI linkers (New England Biolabs, kernels ( W64A) was amplified by polymerase chain

reaction (PCR) using upper and lower primers designedBeverley, MA, USA). After complete digestion with
PstI and ApaI, the resulting 2-kb Sbe1 promoter frag- to anneal the Sbe1 cDNA (Baba et al., 1991) from 438

to 457 and 745 to 764, respectively. A single amplifiedment was ligated to the 236-bp ApaI–BamHI fragment
and cloned into plasmid pBI221 cut with PstI and DNA band, approximately 450 bp in length, was

observed on an ethidium bromide-stained agarose gel.BamHI, thereby creating plasmid pKG101.
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The PCR product containing EcoRI sites at both 5∞- A consensus TATA-box, as well as a G-box containing
a perfect palindromic sequence known as a G-box,and 3∞-ends was digested with EcoRI and the resulting

fragment was cloned and sequenced. CCACGTGG, were found in the 5∞-flanking region of
the gene (Fig. 2). Primer extension analysis displayed aAlignment of sequences between the maize PCR geno-

mic fragment and the published Sbe1 cDNA (Baba single extended product of 44 nucleotides (Fig. 3), which
co-migrates with an A residue in the sequencing ladderet al., 1991) shows that the PCR fragment contained

the predicted Sbe1 cDNA sequence with only three generated with the Sbe1 5∞-flanking region. This indicates
that consistent with many eukaryotic genes, the tran-nucleotide differences and a 103-bp intron (data not

shown). The differences could be explained by cultivar scription initiates at a position which is located 25 bp
downstream from the putative TATA box, suggestingpolymorphisms or misincorporation of bases during

PCR amplification by Taq DNA polymerase which does that the TATA box may be a functional element of the
Sbe1 promoter.not have proofreading activity. This PCR fragment was

32P-labeled and used as a hybridization probe for screen- To determine the polyadenylation site of the Sbe1
gene, 3∞-RACE was conducted. It demonstrated that aing a maize genomic library to isolate Sbe1 genomic

clones. poly (A) tail occurs at an adenine nucleotide located
29 bp downstream from a putative polyadenylation
signal (AATAAA) in the Sbe1 gene (data not shown).3.2. Isolation and analysis of a maize Sbe1 genomic clone
Along with the primer extension result, this indicated
that the transcribed region in the Sbe1 gene is 5690 bpIn a screen of approximately 3×105 plaque-forming

units from a genomic library prepared from maize in length.
seedlings (inbred B73), eight positive lambda clones
were isolated, which strongly hybridized to the probe.
Restriction mapping and partial DNA sequencing of 3.3. Structure of the Sbe1 genomic clone
these clones indicated they all probably originated from
the same genetic locus. A full-length clone (l5-1-1), Alignment of the genomic sequence with the published

maize Sbe1 cDNA sequence (Fisher et al., 1995) revealedcontaining the entire coding region of the Sbe1 gene, as
well as 5∞- and 3∞-flanking sequences, was selected for that the gene is composed of 14 exons and 13 introns

distributed over 5.7 kb. Fig. 1B summarizes the organ-further analyses. Fig. 1A shows a restriction map of the
genomic clone. The 3.0-kb SalI fragment and the 6.2-kb ization of the maize Sbe1 gene. The cDNA sequence is

identical to the corresponding genomic sequence exceptPstI fragment from the clone were subcloned into
pBluescript SK− producing plasmids pBI5-1 and pBI5- for a 1-bp mismatch in exon 14. Table 1 shows the

sequences around the exon/intron junctions and a list2, and their nucleotide sequences were completely
determined. of putative branch point consensus sequences, which

were derived as described by Brown (1986). The introns,
relatively AT-rich (61%) compared with the exons
(52%), vary in length from 73 to 565 bp, all of which
have the conserved sequences at their 5∞- and 3∞-ends,
following the ‘GT · · AG’ rule of plant introns (Brown,
1986). Exon 1, containing 27 bp of 5∞-untranslated DNA
sequence, and exon 2 occur in the transit peptide region
which may be essential for transporting the gene product
into the amyloplast. Exon 14 contains the translation
stop codon (TGA) and 3∞-untranslated region, as well
as the putative polyadenylation signal (AATAAA). The
exons vary in length from 63 to 907 bp.

Comparison of the maize and rice Sbe1 genomic DNA
sequences ( Kawasaki et al., 1993b) revealed two large
highly conserved regions in the 5∞-flanking sequences
(Fig. 2 and Fig. 4A). One region, 161 bp in length, was
present between −2190 and −1890 in the maize Sbe1

Fig. 1. Structure of the lambda clone 5-1-1 containing the Sbe1 gene. 5∞-flanking sequence, and has 82% similarity with the
(A) Restriction map of the 5-1-1 clone. pBI5-1 and pBI5-2 indicate corresponding rice region. The other, 342 bp in length,
subclones in plasmid pBluescript SK−. (B) Genomic structure of the is located from −1804 to −1611, and shows 85%
Sbe1 gene. The thin black lines indicate the 5∞- or 3∞-flanking sequences

similarity with the corresponding rice region. Theseof the Sbe1 gene. The solid black boxes indicate exons and the open
sequences conserved between the species suggest thatboxes denote introns. The numbers represent positions relative to the

transcription initiation site (+1). the regions may play an important role in gene expres-
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Fig. 2. Nucleotide sequence of the Sbe1 gene and 5∞- and 3∞-flanking regions. The GenBank accession number is AF072724. Flanking regions are
shown in lower-case letters, while exons are presented in upper-case letters. The deduced amino acid sequences are shown below the string of exon
sequences. Numbers indicate the distance relative to the transcription start site (+1) which is indicated by the arrowhead. The consensus TATA
and G-box sequences, as well as the putative polyadenylation signal are underlined. The region containing at least 82% sequence homology with
the rice Sbe1 5∞-flanking region is also underlined. The asterisk and dot indicate the stop codon and putative polyadenylation site, respectively.

sion. Interestingly, a part of the latter region from Ca2+-dependent protein kinase gene in rice ( Kawasaki
et al., 1993a), suggesting that a maize version of the−1804 to −1611 (194 bp in length) shares 83% sim-

ilarity with the 5∞-untranslated sequence of a protein kinase gene may be located immediately
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Fig. 3. Primer extension analysis of the transcription initiation site of
the Sbe1 gene. A 32P-end-labeled antisense primer was annealed to

Fig. 4. Sequence comparison of the maize and rice Sbe1 promoters.10 mg of total RNA isolated from maize kernels (30 DAP) and
(A) Highly conserved sequences found in the distal promoter regions.extended using reverse transcriptase. The extended cDNA product was
The open boxes indicate the conserved regions containing at least 82%then analyzed on a sequencing gel ( lane P) along with a Sbe1
sequence similarity between the two Sbe1 promoters. The striped box5∞-flanking genomic DNA sequencing ladder generated by the same
denotes 83% similarity between the maize Sbe1 and the rice Spkprimer. The number inside the vertical double-headed arrow on the
(Ca2+-dependent protein kinase) cDNA sequence which is representedright refers to distance from TATA-box to the primer extension product
by the stippled box. The arrows indicate transcription directions andindicated by the horizontal arrow. The sense sequence around the
the numbers indicate the distance relative to the relevant transcriptionproduct is shown on the left and the transcription initiation site is
start sites. (B) Proximal sequences showing conservation between theboxed and assigned +1.
two Sbe1 promoters. Short vertical lines indicate conserved nucleotides
and dashes represent gaps to maximize aligment. The G-box is
underlined.

upstream of the Sbe1 gene. In the rice genome, the two
genes are separated by approximately 1.4 kb, and tran-
scribed divergently from each other (Fig. 4A). and several small segments adjacent to the G-box

(Fig. 4B). This may indicate that the G-box plays a role5∞-flanking sequences downstream from the two con-
served regions did not show sequence similarity between in regulation of Sbe1 gene expression. The G-box is

found in other plant genes which respond to diversethe two genes ( less than 25%) except for a G-box motif

Table 1
List of introns and sequences of exon/intron borders in the Sbe1 gene

Intron Intron GC content
number Exon/ Putative intron branch pointa /Exon size (bp) (%)

1 TCGCG GTAAG .... CTGAT..17b.CGCAG GGTGG 82 46.3
2 GGAAG GTAGA .... CTGAA..24..GGAAG GTCAA 377 36.9
3 TAAAG GTTAG .... ATCAT..30..TTCAG GCTAT 120 34.2
4 GCGCA GTAAG .... TTGAC..25..TGTAG GGAGG 319 34.2
5 GAAAG GTCTC .... ATGAC..33..TGCAG GTACA 103 35.9
6 ATCAG GTACC .... ATGAC..43..TTCAG TCTAT 262 32.1
7 AAAAG GTTCC .... CTCAA..33..TCCAG ATGAT 97 39.2
8 ATGAG GTGAA .... TTGAT..17..TCTAG TTTGG 488 35.2
9 ACAAG GTTAT .... CTAAC..37..AACAG TACAT 565 37.3
10 AAAAG GTAAG .... GTCAG..25..TTCAG GTTAT 160 39.4
11 GAGGG GTAAG .... CTTAC..31..TGCAG CTACA 107 41.1
12 GAAGA GTAAG .... CTCAT..16..CGCAG GTTGG 140 49.3
13 GTGTG GTAAT .... CTGAC..18..GCCAG GCTTA 73 49.3

aConsensus sequences between introns are underlined.
bNumbers indicate number of nucleotides between adjacent sequences.
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environmental or physiological stimuli and are often
associated with additional regions which possibly act as
coupling elements determining signal response specificity
(Menken et al., 1995).

Another notable feature derived from the sequence
comparison is that the maize and rice Sbe1 genomic
structures are quite similar. Both genes consist of 14
exons and 13 introns, the positions of which are con-
served between the two species. The sizes of exons (exon
3–exon 13) constituting most of the mature proteins are
identical except exon 5, in which the rice Sbe1 gene has
one more codon compared with the maize gene. They
share more than 86% and almost 90% similarity in
nucleotide and amino acid sequences, respectively.
However, exons not encoding the mature proteins (exon
1, 2 and most of exon 14) do not display any significant
sequence similarity and vary in size. The carboxyl-
terminal 64 (67 in rice) amino acids encoded by exon
14 in the maize gene is the only region which is not
conserved in the mature protein. Unlike the exons,
homology was not found in any of the introns other
than the splice junction sequences. The large intron
(2212 bp) present in the rice Sbe1 gene is not found in

Fig. 5. Southern blot analysis of maize genomic DNA probed withthe maize gene.
partial Sbe1 genomic DNA fragments. (A) Schematic diagram of the
Sbe1 genomic clone displaying the locations of restriction sites and the

3.4. Genomic Southern blot analysis different probes used for genomic DNA analysis shown in (B). (B)
Autoradiography of genomic DNA gel blot hybridization analysis.
Each lane contains 10 mg of maize genomic DNA digested with theTo determine the number of Sbe1 genes in the maize
indicated restriction enzymes: B, BamHI; E, EcoRI; Bg, BglII; H,genome, Southern blot analysis was performed. When
HindIII. Blots 1 and 2 were probed at high stringency with probes 1

blots were hybridized with the full-length maize Sbe1 and 2, respectively. Bands which were not predicted from the restriction
cDNA (Fisher et al., 1995) under high-stringency condi- map of the Sbe1 genomic clone are indicated by asterisks on the right.

Arrows indicate the position of the DNA size markers in kilobases.tions, at least three bands were detected in each lane
(data not shown). Comparison of the hybridization
patterns with the restriction map of the Sbe1 genomic
clone (Fig. 1A) revealed that not all the bands in the

only the bands predicted from the identified Sbe1aSouthern blot corresponded to the genomic map, sug-
genomic DNA sequence were detected (Fig. 5). Takengesting more than one Sbe1 gene is present in the
together, these results suggest that although two Sbe1maize genome.
genes are present in the maize genome, their 5∞-flankingTo confirm this, a 0.6-kb genomic DNA probe which
sequences and the 5∞-end of the coding regions (at leastdid not have any restriction enzyme sites used in the
at the DNA level ) are quite divergent from each other.genomic blot was prepared from the genomic clone l5-

1-1 by BamHI–HindIII digestion. The genomic probe
will produce only one hybridizing band in every lane if 3.5. Genetic mapping of Sbe genes
there is a single copy of the Sbe1 gene in the maize
genome. As shown in Fig. 5, however, the genomic In order to map Sbe1 loci onto the existing framework

map (Gardiner et al., 1993), the full-length Sbe1 cDNAprobe (probe 2) containing the central region of the
Sbe1 cDNA detected in each lane one or two additional was used to probe a population of 54 immortalized F2

individuals from the cross Tx303×CO159 as part of thebands apart from the bands predicted by the genomic
map. This indicates that along with the isolated Sbe1 mapping efforts of the University of Missouri-Columbia

Maize RFLP Laboratory. Two loci were identified ongene, another Sbe1 gene or a gene very closely related
to Sbe1 exists in the maize genome. These will be chromosome 6, bin 6.01 and chromosome 10, 10.04.

This supports the conclusion drawn above based onreferred to as Sbe1a (identified) and Sbe1b (unidentified)
to distinguish between them when appropriate. genomic Southern analysis that two Sbe1 genes exist in

the maize genome. However, at present the data do notInterestingly, when a 1.7-kb BamHI–PstI genomic frag-
ment consisting of the Sbe1a promoter and transit allow us to distinguish which gene is located on which

chromosome.peptide-coding region was used as a probe (probe 1),
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3.6. Promoter activity 4. Discussion

Our previous work has shown that the maize SbeA transient expression system was used to test whether
the 5∞-flanking sequence of the cloned Sbe1 gene (l5- genes exhibit both spatial and temporal modes of regula-

tion. To begin to study the mechanisms regulating Sbe1-1) is sufficient to support transcriptional activity. A
chimeric gene containing a 2.2-kb 5∞ Sbe1 fragment gene expression, a maize genomic library was screened

with a 32P-labeled Sbe1 genomic PCR product corre-(−2191 to +27) fused to UidA reporter gene in pUC19
was first constructed and designated pKG101 (Fig. 6A). sponding to the region from 438 to 764 of the maize

Sbe1 cDNA (Baba et al., 1991) and eight individualThe chimeric plasmid was introduced into maize endo-
sperm suspension cells via particle bombardment. Iodine positive clones were isolated. Further analyses of the

genomic clones indicated that they were all derived fromstaining and Northern blot analysis showed that the
maize endosperm suspension cells actually produce a single locus, suggesting that only one Sbe1 gene might

be present in the maize genome. However, genomicstarch and the genes involved in starch biosynthesis are
expressed (data not shown). The bombarded cells were Southern analysis clearly indicated the presence of two

Sbe1 genes. Genetic mapping also confirmed this conclu-incubated for 24 h at 25°C in the dark and histochemical
GUS assays were performed to visualize GUS expres- sion, placing Sbe1 genes on both chromosomes 6 and 10.

This discrepancy between the data can be explainedsion. As shown in Fig. 6B, blue spots were observed,
indicating that the 5∞-flanking sequence has the ability by the results obtained from the genomic Southern blots

probed with two different genomic DNA fragmentsto drive gene expression in the maize endosperm cells.
Control cells bombarded with gold particles coated with (Fig. 5), which suggested the presence of two Sbe1 genes

with divergent DNA sequences around the 5∞-end of thepromoterless UidA construct did not show any blue
spots (data not shown). Further dissection of this pro- coding region, as well as the 5∞-flanking region. Since

the PCR genomic fragment located near the 5∞-end ofmoter will be presented elsewhere.
the Sbe1 cDNA was used as a probe for the library
screening, it most likely failed to hybridize to the other
Sbe1 gene. However, we cannot completely rule out the
possibility that the second Sbe1 gene was not amplified
during construction of the genomic library.

Based on hybridization analysis, it is noteworthy that
the maize Sbe1 gene family consists of two genes which
appear to have significantly different 5∞-flanking
sequences. This structural feature was also observed in
another maize gene family (Sh1 and Sus1) encoding
sucrose synthase which is also involved in starch biosyn-
thesis (Shaw et al., 1994). Like the Sbe1 genes, Sh1 and
Sus1 genes are markedly different from each other in
their 5∞-flanking regions in spite of striking similarities
in their protein-coding regions. As might be expected,
Sh1 and Sus1 genes are differentially regulated. The Sh1
gene is expressed mainly in endosperm, whereas the
Sus1 gene is expressed in most maize tissues (Hannah
and McCarty, 1988). In addition, the two genes
responded to sugar levels in an opposite way ( Koch
et al., 1992). Low sugar concentrations increased the
expression of the Sh1 gene, while high sugar levels
favored accumulation of Sus1 mRNA. Therefore, it is

Fig. 6. Transient expression assay of the Sbe1 5∞-flanking region in possible that the two Sbe1 genes may display different
maize endosperm suspension cells. (A) Schematic diagram of the chim- expression patterns due to their divergent promoter
eric Sbe1 promoter–UidA construct. Numbers indicate distance relative

regions. Cloning of the second Sbe1 gene will allow usto the Sbe1 transcription start site. Translation initiation starts at posi-
to test this hypothesis.tion +28. The light grey (stippled) boxes indicates the Sbe1 promoter

region. Open and solid black boxes represent UidA reporter gene and The complete genomic structure of the isolated maize
nopaline synthase 3∞-end sequences, respectively. The junction Sbe1a gene was established by DNA sequence analysis
sequences between the Sbe1 gene and UidA are shown below the dia- using one of the full-length genomic clones (l5-1-1).
gram. The BamHI sites used to join the two genes are underlined. The

Alignment of the genomic sequence with the Sbe1 cDNAtranslation start site of UidA is indicated in bold. (B) Histochemical
revealed that the gene is composed of 14 exons and 13localization of GUS activity driven by the Sbe1 5∞-flanking region in

the maize endosperm suspension cells. introns. All the introns are flanked by the conserved
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splice junction sequences. Primer extension analysis and served between maize and rice implies that at least in
the monocots, Sbe1 should have an important function5∞-RACE determined the transcription start site and

polyadeylation site and indicated that the transcribed in starch biosynthesis, which is distinctive from other
Sbe genes.region of the Sbe1 gene is 5690 bp in length. A canonical

TATA-box was found 25 bp upstream of the transcrip- In conclusion, we demonstrated that two Sbe1 genes
are present in the maize genome. We also analyzed thetion initiation site. In fact, we have shown that the Sbe1

5∞-flanking region (−2190 to +27) containing the genomic structure and the promoter region of the maize
Sbe1a gene. These results should facilitate future studiesTATA-box has promoter activity in maize endosperm

cells using a transient expression system. of the regulatory mechanisms controlling its expression.
Sequence comparison of the maize and rice Sbe1
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