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ABSTRACT

A full-length maize genomic clone was isolated and sequenced (-2190 to +5929)
which contains the entire coding region of starch branching enzyme I (Sbe/) as well as
5’-and 3’-flanking sequences. A consensus TATA-box and a G-box containing a
perfect palindromic sequence, CCACGTGG, were found in the 5’-flanking region. The
transcription initiation site of the She/ gene was determined by primer extension
analysis to be at an adenine nucleotide located 24 bp downstream from the TATA box.
Studies using 3’-rapid amplification of cDNA ends (3’RACE) indicated that
polyadenylation occurs 29 bp downstream from a putative polyadenylation signal
(AATAAA) which is located 264 bp downstream from the translation stop codon.
Sequence alignment with an She/ cDNA revealed that the transcribed region consists of
14 exons and 13 introns, distributed over 5.7 kb. Southern blot analysis suggested that

two Shel genes with divergent 5’-ends of the coding region exist in the maize genome.

A transcriptional chimeric construct of the 5’-flanking region (-2190 to +27)
fused to the luciferase gene (pKL 101) showed promoter activity after it was introduced
into maize endosperm suspension cells by particle bombardment. Addition of the first
exon and intron of the She/ gene (pKLN101) into the chimeric construct dramatically
increased gene expression (14 fold). Transient expression assays of 5° deletion
constructs revealed that a 60-bp region between -315 and -255 relative to the
transcription initiation site is critical for promoter activity. Further analysis of the 60-bp
region with linker-scan constructs identified two positive cis-regulatory elements located

in regions, -315 to -295 and -284 to -256, respectively. Nuclear proteins binding to the



v
60-bp fragment containing these two elements were detected in nuclear extracts prepared

from maize kernels by electrophoretic mobility shift assays.

Northern blot analysis demonstrated that the endogenous She/ mRNA level in
cultured maize endosperm suspension cells is modulated by sugar concentrations in the
media. Therefore, a transient expression system was used to determine whether the
Sbe ] promoter activity is regulated by sugar availability. The chimeric construct
pKLN 101! showed approximately two-fold greater LUC activity in sugar containing
media than in sugar-free media. Further analysis showed that the promoter sequences
between -314 and -145 are necessary for sugar regulation. Within the 170-bp sequence,
the -314/-295 region displayed a striking similarity with the sugar-response elements of
the potato patatin-1 and sporamin promoters, suggesting a common cis-acting sugar

response element.

A maize genomic DNA fragment containing the entire coding region of starch
branching enzyme IIb (Sbe2b) as well as 5°- and 3’-flanking sequences was isolated and
sequenced (-2,964 to +15,556). A consensus TATA-box sequence was found 28 bp
upstream of the transcription initiation site as determined by primer extension analysis.
The complete genomic structure of the She2b gene was established by alignment with
the Sbe2b cDNA. The transcribed region of the gene is composed of 22 exons and 21

introns distributed over 15,347 bp. The introns vary in length from 76 bp to 3,051 bp,
all of which have the conserved junction sequences (GT--AG). Although the canonical
polyadenylation signal (AATAAA) was not found in the 3’-end of the gene, a similar

sequence, AATTAAA, was observed 29 bp upstream of the polyadenylation site.

Genomic Southern blot analyses suggested that a single Sbe2b gene is present in the



maize genome. Promoter activity was confirmed with a transcriptional fusion of the
She2b 5’-flanking region between -2,964 and +100 to the luciferase gene, which was
tested by transient expression assays in maize endosperm suspension cells. Unlike the
first exon and intron of the Sbel gene, the corresponding region of the Sbe2b gene did
not increase the level of gene expression. 5’ deletion analysis revealed that the 122-bp

region from -160 to -49 is essential for promoter activity.
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Chapter 1

REVIEW OF PERTINENT LITERATURE

1.1. Starch Granule

Starch is the major storage carbohydrate of most higher plants and can be found
in many organs such as seeds, roots, tubers, stems, leaves, fruits and pollen (reviewed

in Shannon and Garwood. 1984). Depending on its source, the granule can have a

variety of sizes ranging from 0.5 to 175 um in diameter, as well as shapes such as

spheres, ellipsoids, polygons, platelets and irregular tubules (Zobel, 1988). Starch is
found as a water-insoluble granule consisting of crystalline and amorphous regions and
is mainly composed of two different polysaccharides, amylose and amylopectin (Takeda
et al., 1988). Amylopectin is present in both areas but is considered to be solely
responsible for the crystallinity of the starch granule. In contrast, amylose is associated

only with the amorphous regions.

Amylose is considered to be an essentially linear a-1.,4-linked glucose chain of
about 1,000 residues long. In fact, however, it is branched to a very small extent
(approximately 1 branch per 1,000 glucose residues) by a-1,6-glucosidic bonds

(Takeda et al., 1990). Amylose has the ability to form complexes with many
hydrophobic molecules, such as iodine, fatty acids or a number of hydrocarbon chains,

since it has a helical conformation with six glucose residues per turn. It can also
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crystallize out of aqueous solution and shrink depending on conditions such as

temperature, degree of polymerization, and concentration (retrogradation) (Zobel,

1988). Amylopectin is a more highly branched macromolecule consisting of linear o

l,4-glucose chains with a-1,6-glucosidic bonds at branch points. Branches occur about

every 21 glucose residues (Kainuma, 1988). Amylopectin is stable in aqueous solution
and generally does not form complexes, remaining fluid and giving high viscosity and

elasticity to pastes and thickeners.

Usually, amylose and amylopectin constitute about 23-31% and 69-77% of
starch, respectively. However, the proportion can vary considerably depending on
starch source (Shannon and Garwood. 1984). Since the two polysaccharides, amylose
and amylopectin, have distinctive properties, it is apparent that the ratio of amylose and
amylopectin is important in determining many of the chemical and physical properties of

starch.

[.2. Accumulation and Uses of Starch

Starch granules are synthesized in both photosynthetic and non-photosynthetic
cells and can be divided into two types, transitory and reserve. depending on how they
are utilized by plants. A typical example of transitory starch can be found in
photosynthetic organs such as leaves, in which starch is accumulated in chloroplasts
during the day and is mobilized for translocation at night. Transitory starch can also be
synthesized in the non-photosynthetic 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, fruits and tubers (reviewed in Shannon and Garwood, 1984;

Martin and Smith, 1995).

In plants, starch provides carbon and energy for vegetative and reproductive
development and plays a very important role in buffering the level of soluble sugar via a
diurnal starch-sucrose interconversion cycle (Stitt et al., 1987). According to the starch-
statolith theory, starch is also involved in sensing gravity (reviewed in Salisbury. 1993).
Although there is some controversy regarding a statolith-based model for gravity
perception, many plant biologists strongly support the essence of the starch-statolith

theory, i.e.. dense particles functioning in the early stage of gravitropism.

Starch is not only a major source of food and feed but also is an important
industrial commodity throughout the world. It is utilized in the production of paper,
adhesives, textiles and biodegradable plastics. not to mention its uses in the food
industry. Starch is also used in the production of ethanol by fermentation. Other uses
include building materials, packaging and pharmaceuticals (reviewed in White, 1994).
Depending on the industrial applications of starch, however, its desired properties vary.
For example, starch with high amylose content is required for adhesives and films,

while high amylopectin starch is used for salad dressings.



1.3. Starch Biosynthetic Pathway

Although the pathway of starch biosynthesis is not completely understood, there
is no doubt that it involves at least four groups of committed enzymes: ADP-glucose
pyrophosphorylase (EC 2.7.7.23), starch synthase (EC 2.4.1.21), starch branching
enzyme (EC 2.4.1.28) and starch debranching enzyme (EC 2.4.1.41) (reviewed in

Preiss, 1991; Martin and Smith, 1995).

ADPG pyrophosphorylase is a heterotetrameric enzyme catalyzing a rate-limiting
reaction in starch biosynthesis . It is capable of producing ADP-glucose and
pyrophosphate from glucose-l-phosphate and ATP. Starch synthases elongate amylose
and amylopectin by transferring glucose from ADP-glucose to the nonreducing end of
the polymers. They can be classified into two groups, soluble starch synthases and

granule-bound starch synthase (GBSS). Starch branching enzymes (SBEs) catalyze the

formation of amylopectin by introducing a-1,6 branch points into the linear a-1,4

linked glucose chains. Introduction of branches facilitates starch synthesis by increasing
the number of nonreducing ends, the sites of glucose addition by starch synthases.
Thus, SBEs are of crucial importance for the quantity and quality of starch synthesized
in the plant (Edwards et al., 1988). In fact, mutation in She genes of pea, maize and
rice severely decreased total starch content and changed the ratio of amylose and

amylopectin (Shannon and Garwood, 1984; Smith, 1988; Mizuno et al., 1993).



Recent evidence strongly supports the possibility that an additional enzyme, a

starch debranching enzyme which hydrolyzes o.-1,6 glycosidic bonds, also plays an

important role in producing the final branching pattern of amylopectin (James et al.,
[995). Apparently, the balanced actions of SBEs and debranching enzymes are critical

for determining the final degree of branching in amylopectin.

Apart from the enzymes mentioned above, there is a possibility that starch
phosphorlylase (EC 2.4.1.1), which can extend a preexisting glucan chain using
glucose-1-phosphate as a substrate in vitro, may be involved in starch biosynthesis
(reviewed in Nelson and Pan, 1995). However, to date no mutants have been identified

that definitely demonstrate phosphorylase involvement in starch synthesis.

Starch synthases require a preexisting oligosaccharide as a substrate to carry out
their function in starch biosynthesis. At present, however, we do not know how the
initial primer is produced in vivo. Two possible candidates generating the primer have
been found in potato tubers and maize endosperm. One of them is a UDPG-protein
transglucosylase (EC 2.4.1.112) which is capable of transferring a single glucose
residue from UDP-glucose to itself (autoglucosylation) (Ardita and Tandecarz, 1992).

The other is an isoform of starch phosphorylase (phosphorylase II) which can
synthesize long o-1,4 glucose chains in the absence of preexisting oligosaccharides

(reviewed in Preiss, 1991).



1.4. Starch Biosynthesis in Maize Endosperm Cells

The study of maize mutants showing altered starch content and composition has
provided vital information necessary for elucidating the starch biosynthetic pathway in
higher plants. Since sucrose translocated from leaves is the primary source of carbon
skeletons for starch synthesis in maize endosperm, the biochemical processes involved

in sucrose entry into the endosperm will be reviewed first.

1.4.1. Entry of Sucrose into the Endosperm and Its Utilization

It has been known that sucrose is the major sugar released from the pedicel
tissue of maize kernels (Porter et al., 1985). Most of the sucrose is then hydrolyzed by
invertases (EC 3.2.1.26) into glucose and fructose before it enters the endosperm,
where sucrose is resynthesized by the combined actions of sucrose phosphate synthase
and sucrose phosphate phosphatase (Shannon, 1968; Chourey et al., 1993). Sucrose
phosphate synthase catalyzes the formation of sucrose-6-phosphate and UDP from
fructose-6-phosphate and UDP-glucose. The sucrose-6-phosphate is then hydrolyzed
by sucrose phosphate phosphatase to produce sucrose and phosphate. Contrary to the
implication of the name, however, sucrose synthase (EC 2.4.1.13) does not seem to be
involved in sucrose synthesis in the maize endosperm although it can synthesize sucrose
in vitro. In fact, sucrose synthase encoded by the Shrunkenl! (Shl) locus on

chromosome 9 is involved in converting sucrose into UDP-glucose and



fructose, which are then converted to glucose- 1-phosphate by UDP-glucose
pyrophosphorylase and enzymes of the glycolytic pathway, respectively (Chourey and
Nelson. 1976; Chourey and Nelson, 1979). Homozygous sh/ mutant kernels produce
55-60 % less starch than nonmutant kernels and show a cavity within the endosperm
and a shrunken phenotype. The finding that not all sucrose synthase activity in the
endosperm is under control of the Sh/ locus led to cloning of the second gene for
sucrose synthase, designated Sus/ (McCarty et al., 1986). Chourey and Taliercio
(1994) suggested that the Sus/ gene should be dispensable, because loss of its function

did not have any discernible phenotypic effect on the maize plant or kernels.

As mentioned earlier, most sucrose is hydrolyzed and resynthesized prior to its
utilization in starch biosynthesis in the maize endosperm, suggesting an important role
of invertases in starch biosynthesis. It has been known that miniature (mnl) mutant
seed has significantly reduced levels of both soluble and wall-bound invertase activity in
the basal portion of the developing seed (Miller and Chourey, 1992), which are encoded
by separate structural genes in maize (Xu et al., 1993). Homozygous mn/ mutant
seeds, which are smaller than normal, contain fewer soluble sugars and a higher
percentage of sucrose compared to nonmutant seed (reviewed in Nelson and Pan,

1995). Since the reduction in invertase activity in the seed is correlated with the
degeneration of maternal cells in the pedicel, at present we do not know whether the
Mnl gene product is actually an invertase or some protein involved in the development

or differentiation of basal endosperm cells.



1.4.2. Metabolites Crossing the Amyloplast Envelope

It is still controversial what metabolite(s) is translocated into amyloplasts in the
rnaize endosperm cells. Several reports indicated that triose phosphates were taken up
by amyloplasts via a phosphate translocator, which were subsequently converted into
hexose phosphates via gluconeogenesis requiring the activity of fructose-1,6-
bisphosphatase in the amyloplasts (reviewed in Nelson and Pan, 1995). However, the
significance of triose phosphate uptake by amyloplasts and their use in starch
biosynthesis has been seriously questioned by the following findings. First, fructose-
1,6-bisphosphatase, a key regulatory enzyme in gluconeogenesis which is necessary for
transforming triose phosphates to hexose phosphates, was not found in the amyloplasts
of storage tissues (Entwistle and ap Rees, 1990). Second, when specially labeled
hexoses were fed to developing kernels of maize, the pattern of label redistribution
among the carbon positions of the hexoses in starch did not support a pathway utilizing

triose phosphates as intermediates (Hatzfeld and Stitt, 1990).

By measuring metabolite levels in kernels of several starch-deficient mutants of
maize, Tobias et al.(1992) have found that sh/ kernels contained reduced levels of
hexose phosphates, which resembled the reduction of starch accumulation in
amyloplasts. In contrast, levels of triose phosphates were elevated. These findings led
them to suggest that hexose phosphates are the major compounds which are taken up by

amyloplasts and are utilized in the starch biosynthetic pathway.



It has been reported that ADP-glucose can be taken up by amylopasts and
subsequently incorporated into starch, providing a third possible metabolite crossing the
amyloplast for starch biosynthesis (Pozueto-Romero et al., 1991a and 1991b).
Importantly, a significant reduction of this uptake was observed in amyloplasts from the
endosperm of bt/ mutant kernels (Liu et al., 1992). The bt/ locus on chromosome 5
was first identified in 1926 based on the collapsed endosperm phenotype at seed
maturity, and it was cloned by transposon tagging (Sullivan et al., 1991). The effect of
the bt/ locus appears to be endosperm-specific, with no apparent defect in embryo or
plant development. The bt/ kemels contained 80% less starch than normal kernels, and

sucrose content was greatly increased (Tobias et al., 1992).

Along with the reduced uptake of ADP-glucose in the bt/ kernels, several
reports suggested that the BT1 protein belongs to a family of adenylate translocaters
localized in amyloplast membranes in endosperm. First, the level of ADP-glucose in the
cytosol of bt/ immature maize endosperm increased almost 13-fold compared to that in
normal endosperm (Pien et al., 1993). Second, the deduced amino acid sequence of the
Bt! cDNA showed greatest similarity to a yeast ATP/ADP carrier protein and also had
considerable similarity to a family of mitochondrial inner membrane adenylate
translocator proteins (Sullivan et al., 1991). Third, Li et al. (1992) showed that in vitro
synthesized BT 1 protein can be imported into pea chloroplasts and become part of the
inner membrane. Finally, antibody raised against the BT1 protein reacted with a
membrane-bound protein surrounding the starch granules (Sullivan and Kaneko, 1995)

or membranes isolated from maize endosperm amyloplasts (Cao et al., 1995).
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ADP-glucose pyrophosphorylase, the major source of ADP-glucose for starch
synthesis, was initially known to be located in the amyloplast of maize endosperm cells
(reviewed in Preiss, 1991; Martin and Smith, 1995), which raised a contradiction in
considering the BT protein as an adenylate translocator in amyloplast membranes.
However, the problem was later solved by the following reports. First, Shannon et al.
(1996) found that ADP-glucose levels in endosperm extracts of the bt/ kernels as well
as the shl bt/ double mutant kernels were 13-fold elevated compared to those of normal
kernels. This finding suggested that the activity of ADPG pyrophosphorylase may be
localized predominantly in the cytoplasm rather than in the amyloplast of the maize
endosperm cells. Later, Denyer et al. (1996) actually showed that more than 95% of the

activity of ADPG pyrophosphorylase in maize endosperm is present in the cytoplasm.

The cytosolic location of ADPG pyrophosphorylase is consistent with earlier
evidence that the amino acid sequences, predicted from the cDNAs, of both the small
and large subunits of the major isoforms of ADPG pyrophosphorylase in barley and
maize seeds apparently lack any cleavable N-terminal transit peptides. These peptides
are required for all proteins that are encoded by the nucleus and targeted to the stroma of

plastids.
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1.4.3. ADP-Glucose Pyrophosphorylase

ADP-glucose pyrophosphorylase (AGPase) catalyzes the synthesis of ADP-
glucose and pyrophosphate from glucose-1-phosphate and ATP, which is the first
committed reaction in the starch biosynthetic pathway (reviewed in Preiss, 1991).
Biochemical and genetic evidence indicated that the maize endosperm AGPase is
heterotetrameric and composed of two small and two large subunits which are encoded
by Shrunken2 (Sh2) and Brittle2 (Bt2), respectively (reviewed in Nelson and Pan,
1995). The cloning of Sh2 and Br2 provided definitive evidence for the existence of
two dissimilar subunits (Bae et al., 1990; Bhave et al., 1990). Maize mutants carrying
sh2 or br2 showed severely decreased starch accumulation in the kernels, indicating both

subunits are required for full AGPase activity (Martin and Smith, 1995).

The catalytic activity of leaf AGPase is allosterically regulated by the small
effector molecules, 3-phosphoglyceric acid (3-PGA) and inorganic phosphate (Pi),
which activate and inhibit enzyme function, respectively. However, it is still unclear
whether 3-PGA and Pi have the similar effect on AGPase activity in non-photosynthetic
tissues. Investigations into the biosynthetic pathway of starch in amyloplasts indicate
that 3-PGA is not a key intermediate translocated between the stroma and the cytoplasm
(review in Martin and Smith, 1995). This suggests a diminished role for allosteric
activation of AGP in non-photosynthetic tissues. Also, the maize endosperm AGP is
known to be less sensitive to 3-PGA activation compared to that of the chloroplast
enzyme, leading Hannah and Nelson (1975) to speculate that this activation may not be

physiologically relevant.



If the genes encoding endosperm AGPs were derived through evolution from
those encoding the chloroplast activity, then the activation properties may simply
represent evolutionary relics. In fact, the enzyme from barley endosperm is not
activated by 3-PGA in vitro, suggesting that 3-PGA activation of AGP is not a

prerequisite for starch synthesis in the endosperm (Kleczkowski et al., 1993).

In sh2 and br2 mutants, AGP activity was not reduced in the embryo, suggesting
different genes encode the enzyme in these two organs (Bryce and Nelson, 1979). This
was later confirmed by cloning of the embryo transcripts hybridizing to Sh2 and Br2
clones, which were shown to be different from Sh2 and Br2 and represent a separate set
of genes (Giroux and Hannah, 1994; Giroux et al., 1995). In addition, the Br2
counterpart in leaf tissue has been isolated and it has been shown from sequence
analysis that it is not Br2 nor the embryo small subunit encoded by the AGP2 gene
(Prioul et al., 1994). Analysis of sh2 and br2 mutants also revealed the presence of a
second set of AGP structural genes, AGPI and AGP2, which are expressed at low
levels in the endosperm (Giroux and Hannah, 1994). This appears very similar to the

case for Sh/ and Sus/ in controlling endosperm and embryo sucrose synthase.
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1.4.4. Starch Synthase

Starch synthases catalyze the elongation of amylose and amylopectin by adding

ADP-glucose to the nonreducing end of the polymers by a-1.4 glycosidic bonds and

can be divided into soluble starch synthases (SSS) and granule-bound starch synthase
(GBSS) (reviewed in Nelson and Pan, 1995). The waxy (wx) mutants of maize, which
are deficient in GBSS, lacked the amylose component of starch, but starch content was
not affected, implying that the ADP-glucose not used by GBSS to make amylose is used
by other SSSs to make amylopectin. This also suggested that amylopectin is not
synthesized from amylose. This finding led Martin and Smith (1995) to hypothesize
that the ability of GBSS to make amylose is not an intrinsic property of the protein but

rather a function of its location in the starch granule.

According to the hypothesis, GBSS can make amylose only when it is located
within the granule. On the other hand, amylopectin is synthesized by combined actions
of GBSS, which is closer to the outer edge of the granule, and SSSs as well as starch
branching enzymes which are active predominantly in the soluble phase. This might
explain in part why amylose production appears to lag behind that of amylopectin during

development of storage organs (Shannon and Garwood, 1984).
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Two SSSs have been identified in maize endosperm, SSSI and SSSII (Ozbun et
al., 1971). SSSIis capable of unprimed synthesis if the reaction medium contains
citrate and bovine serum albumin, whereas SSSII requires a primer. So far, no
mutation affecting the activity of either enzyme has been identified in a higher plant.
Three possible reasons for this observation were suggested by Nelson and Pan (1995).
First, such mutations may be lethal. Second, loss of either enzyme may not reduce the
amount of starch so that a mutation would not be detectable. Third, each enzyme may be
encoded by duplicate loci and mutations in each locus would be required before starch

synthesis is affected.

1.4.5. Starch Branching Enzyme

Starch branching enzymes (SBEs) catalyze the formation of amylopectin by

introducing a-1.6 branch points into the linear o-1,4 linked glucose chains.

Introduction of branches facilitates starch synthesis by increasing the number of
nonreducing ends, the sites of glucose addition by starch synthases. Thus, SBEs are of
crucial importance for the quantity and quality of starch synthesized in the plant
(Edwards et al., 1988). In fact, mutation in Sbe genes of pea, maize and rice severely
decreased total starch content and changes the ratio of amylose and amylopectin

(Shannon and Garwood, 1984; Smith, 1988; Mizuno et al., 1993).
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Multiple forms of starch branching enzymes (SBE) differing in enzymatic and
biochemical properties have been identified and characterized in various plant tissues,
such as spinach (Hawker 1974) , pea (Matters and Boyer, 1981; Smith, 1988), potato
(Griffin and Wu, 1968; Khoshnoodi et al., 1993), teosinte (Boyer and Fisher, 1984),
rice (Mizuno et al., 1992; Yamanouchi and Nakamura, 1992; Nakamura et al., 1992a),
and maize (Hodges et al., 1969; Boyer and Preiss, 1978; Dang and Boyer, 1989). They
can be grouped into two distinct families based on their structural relatedness and are
named according to the prototypic family member from maize. The SBEI family
consists of maize SBEI, rice SBEI, and pea SBEII, and the SBEII family encompasses
maize SBEII, rice SBEIII, and pea SBEL

Significant differences in the enzymatic properties between the SBE families are
well documented (reviewed in Martin and Smith, 1995). SBEs belonging to the SBEII
family have lower affinity for amylose than SBEI isoforms and prefer to use shorter
glucan chains for further branch formation. Another noteworthy difference between the
SBEI and II families is that they are differentially regulated during seed development.
The SBEII family genes are expressed earlier than the SBEI family members in
developing seeds (Gao et al., 1996 ; Smith, 1988; Burton et al., 1995), which may
result in changes in the SBEI/SBEI ratio. Since SBEI and IIb have significantly
different in vitro catalytic properties as mentioned above, such changes in the
SBEI/SBEIIDb ratio may cause differences in the starch synthesized during kernel
development. During pea embryo development, in fact, changes in the SBE isoform
ratio was accompanied by transition in branch lengths of amylopectin (Burton et al.,

1995).
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1.4.6. Starch Debranching Enzyme

It was generally thought that starch is synthesized through sequential reactions
catalyzed by ADP-glucose pyrophosphorylase, starch synthase and starch branching
enzyme. However, analysis of the sugary/! (sul) mutants of maize suggested a possible

involvement of starch debranching enzyme in starch biosynthesis in higher plants.
Starch debranching enzyme (EC 3.2.1.41), pullulanase or R-enzyme, hydrolyzes the -

1.6 glucan branches of amylopectin but does not utilize glycogen as a substrate
efficiently. Pan and Neison (1984) showed that starch debranching enzyme activity is
significantly reduced in su/ mutants which produce reduced amounts of starch with a
higher percentage of amylose and a substantial amount of phytoglycogen. the highly
branched, high molecular weight and water-soluble polysaccharide (Pan and Nelson,
1984; Shannon and Garwood, 1984). Later, James et al. (1995) isolated the sugarv!

gene in maize by transposon tagging, and demonstrated that the gene has significant

sequence similarity to a family of genes involved in the cleavage of a-1,6 glycosidic

bonds. Taken together, these data strongly support the hypothesis proposed by Pan and
Nelson (1984) that the final structure of amylopectin might be determined by a balance

between the activities of debranching and branching enzymes.

Recently, Ball et al. (1996) proposed a model for the biogenesis of the plant
starch granule. According to the model, glucan trimming by starch debranching enzyme
is required to generate order in the amorphous lamella for subsequent synthesis of the

crystalline lattice.
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Chapter 2

MOLECULAR ANALYSIS OF A GENOMIC FRAGMENT CONTAINING THE
MAIZE (ZEA MAYS L.) STARCH BRANCHING ENZYME I GENE

2.1. Introduction

In maize endosperm, three isoforms of starch branching enzymes, SBEI, I1a and
IIb, have been identified and their genes have been cloned in our laboratory (Boyer and
Preiss, 1978; Fisher et al., 1993; Fisher et al., 1995; Gao et al. 1997). Northern blot
analysis showed that the SBEs are expressed in a coordinate fashion with the granule-
bound starch synthase (GBSS) and ADP-glucose pyrophosphorylase during maize
endosperm development (Gao et al., 1996). In addition, ADP-glucose
pyrophosphorylase gene (AGPase S) from potato and the genes encoding GBSS and
SBE in cassava plants were induced by exogenous supply of sugars (Muller-Rober et
al., 1990; Salehuzzaman et al., 1994). These results indicate that these genes probably
share common regulatory mechanisms controlling their expression. However, no
promoter elements or transcription factors controlling starch biosynthetic genes have

been identified to date.
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In order to better understand the regulation of starch biosynthesis in higher
plants, our laboratory has been working on molecular characterization of the maize
genes encoding starch branching enzymes. It is our ultimate goal to understand the
relative roles of each SBE isoform in starch biosynthesis and to define the regulatory
sequences and transcription factors involved in their expression. Such knowledge will
not only allow us to generate transgenic plants that might enhance total starch production
or produce unique starches for special industrial purposes, but will also establish a basis
for unraveling the regulatory mechanisms of starch biosynthesis. A prerequisite to
accomplishing these goals is to identify all the genes encoding SBE isoforms and

analyze their promoter sequences involved regulating gene expression.

In this study, a full-length genomic clone, containing the entire coding region of
starch branching enzyme I (Shel) as well as 5’-and 3’-flanking sequences, was isolated
from a maize genomic library and its DNA sequence was completely determined. Using
transient expression assays, cis-acting elements important for the She/ gene expression

in maize endosperm cells were investigated.
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2.2. Materials and Methods

2.2.1. PCR Ampilification and Cloning of Maize Genomic DNA Containing an Sbe/

Gene

Maize genomic DNA prepared from 22 DAP (days after pollination) kernels

(W64A) using the method of Rogers and Bendich (1985) was amplified in a 50 ul

reaction mixture containing 1 g of target DNA, 1 uM of each primer, 200 UM of each
dNTP, 10 mM Tris-HCI, pH 8.3, 50 mM KCI, 1.5 mM MgCl»3, 0.01% gelatin and 2.5
U of Tag DNA polymerase (Boehringer Mannheim, Indianapolis, IN). The mixture

without dNTP was overlaid with 50 I of mineral oil (Sigma, St.Louis, MO) and

incubated for 5 min at 94°C. The dNTPs were added to the mixture at the end of the

incubation and then the mixture was cycled 35 times in a thermal cycler (ERICOMP,

San Diego. CA) as follows: 94°C for 30 sec; 55°C for 1 min; and 72°C for 2 min; with

a final 72°C extension of 7 min. The primers were designed according to the published

sequence data of maize Sbe/ cDNA (Baba et al., 1991). The 5’ primer, 5’-
GACTGAATTCCTGCGCAGGAGGCAGAGCTT-3’, and the 3’ primer, 5°-
GATCGAATTCCATAGATACGTGGAGCAGCA-3’, are homologous and
complementary to DNA sequences of the maize Sbe! cDNA from 438 bp to 457 bp and
745 bp to 764 bp, respectively. Each primer contains an EcoRI restriction enzyme site

and 4 extra nucleotides (underlined) at their 5° ends for convenience of subsequent
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cloning of the PCR product. After amplification, 15 pl of the reaction sample was run

on an agarose gel (1.5 %) in 1X TAE buffer containing 0.04 M Tris-acetate and | mM
EDTA. A single PCR product of about 0.5 kb was detected on an ethidium bromide-

stained agarose gel, digested with EcoRlI restriction enzyme and cloned into the

corresponding site of pBluescript SK- (Stratagene, La Jolla, CA) creating plasmid pB 1.

2.2.2. Maize Genomic Library Screening and DNA Sequencing

An EMBL-3 genomic library (Clonetech. Palo Alto, CA) prepared from maize
seedlings (2 leaf stage, B73) was screened according to Sambrook et al. (1989).
Approximately 3 x 10° plaques were transferred onto nylon membranes (Hybond-N+,
Amersham. UK) and hybridized with the **P-labeled She! genomic PCR product

corresponding to the region from 438 to 764 of the maize She/ cDNA. Hybridization

was performed at 55°C for 20 hours in 0.5 M Na,HPO,, pH 7.2, and 7% SDS (Church

and Gilbert, 1984) with gentle agitation at 40 cycles per minute on a rotary shaker.
Following the hybridization, filters were washed twice in 5% SEN (5% SDS, | mM
EDTA, 0.04 M Na,HPO,, pH 7.2) and once in 1% SEN (1% SDS, | mM EDTA, 0.04

M Na2HPO4, pH 7.2) for 15 minutes at 65°C. Plaques strongly hybridizing to the

probe were selected and purified through three rounds of screening. Phage DNAs were
isolated from the positive plaques according to Chisholm’s method (1988) and were
digested with Pstl to release the inserts from the EMBL-3 vector. The restriction
fragments were separated on an 0.8% agarose gel and blotted onto nylon membranes.

The blots were probed with **P-labeled full-length She/ cDNA (Fisher et al., 1995) as



described above and hybridizing DNA fragments were identified and subcloned into

pBluescript SK'. DNA sequences were determined by the

dideoxynucleotide chain termination method (Sanger et al., 1977) with Sequenase
Version 2.0 (United States Biochemical Co., Cleveland, OH). Sequence analyses were

performed using programs from DNASTAR Inc. (Madison, WI).

2.2.3. Genomic Southern Blot Analysis

Maize genomic DNA was prepared from 7-day-old etiolated seedlings (B73)
according to the method described by Junghans and Metzlaff (1990). 10 ug of genomic

DNA was digested with restriction enzymes such as BamHI, EcoRI, BglIl, and
HindIII. separated on 0.8% agarose gels, and transferred onto nylon membranes
(Hybond-N, Amersham, UK) in 20 X SSC containing 3 M NaCl and 0.3 M sodium
citrate. pH 7.0 according to Sambrook et al. (1989). The DNA was crosslinked to the

membrane by 3.5 minutes of UV irradiation on a transilluminator (312 nm). The

genomic blots were prehybridized at 65°C for 1 hourin 0.5 M Na,HPO,, pH 7.2, 7%
SDS. and 100 pg/ml denatured salmon sperm DNA. 25 ng of a full-length She! cDNA

(Fisher et al., 1995) was labeled with [0-"*P]-dCTP using the random primed DNA

labeling kit (Boehringer Mannheim, Indianapolis, IN). This labeled probe was added to

the prehybridization solution and incubated at 65°C for 18 hours. Blots were washed



twice in 5% SEN and once in 1% SEN for 15 minutes at 65°C and were exposed to

Kodak X-AR film at -80°C for 48 hours using two intensifying screens.

2.2.4. Primer Extension

To locate the transcription initiation site of the Shel gene, an oligonucleotide, 5°-
GGCGACACGAGGCACAGCAT-3’, which is complementary to the sense strand

sequence of the She/ cDNA from +1 to +20 relative to the translation start site (ATG)

was radiolabeled at its 5” terminus with T4 polynucleotide kinase and y-32P-ATP

(Sambrook et al., 1989). Approximately 107 cpm of the labeled primer was hybridized

at 35°C with 10 pg of total RNA, which was isolated from 30 DAP maize kernels (B73)

according to the protocol of Vries et al. (1988). After 8 hours of hybridization,
complementary DNA was synthesized from the annealed primer by the addition of
reverse transcriptase and dNTP. Following the addition of EDTA and RNAase A into

the reaction. the nucleic acid was precipitated with ethanol. The reaction products were
resuspended in sequencing gel loading buffer, denatured at 95°C, electrophoresed
through a 5% polyacrylamide sequencing gel, and visualized by autoradiography. In

order to provide size markers, part of the Sbel gene was sequenced with the same

primer used in the primer extension experiment.
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2.2.5. 3’ Rapid Amplification of cDNA Ends (3° RACE)

To isolate the 3’ end of the She/ transcript, the 3° RACE method was used. The

first strand cDNA synthesis reaction was performed as follows: 14 il of a mixture

containing 5 pg of total RNA from 30 DAP maize kernels (B73) and 50 pmol of a 39-bp
oligonucleotide with 17 dT residues and an adaptor sequence, 5°-

GGTCGACTCGAGTCGACATCGATTTTTTTTTTITTTTTTT-3’, was heated at 70°C

for 10 min and quickly chilled on ice. To the chilled sample, 2 pl of 10X synthesis

buffer ( 200 mM Tris-HCI. pH 8.4, 500 mM KClI, 25 mM MgCl,, and | mg/ml BSA),

1 ul of 10 mM dNTP mix, 2l of 0.1 M DTT and | ul (200U) of SUPERSCRIPT

reverse transcriptase (GIBCO BRL, Grand Island, NY) were added and incubated at

room temperature for 10 min. The reaction mixture was then placed in a 42°C water
bath for 50 min and transferred to a 90°C water bath. After S min incubation, 1 ul of

RNaseH (2U/ul) was added and incubation at 37°C was continued for 20 min. Next,

the first strand cDNA obtained was amplified directly by the PCR method using a gene-
specific primer (5'-GACTGAGCTCATACCAAATGAAGCCAGGAG-3’), which is a
homologous to sequence of the Sbe/ gene from +5382 to +5401, and an adaptor primer
(5’-GGTCGACTCGAGTCGACATCGA-3"). After amplification, a single DNA band
detected on an agarose gel (1.5%, w/v) was isolated and digested with Sacl and Xhol
(underlined within the primers). The resulting fragment, approximately 350 bp in

length, was cloned into a pBlusScript SK™ and sequenced (plasmid pB1-3").



2.2.6. Construction of Chimeric Plasmids

For a transcriptional fusion of the She! promoter to a luciferase (LUC) reporter
gene, a BamHI restriction enzyme site was created just before the translation initiation
site of the She/ gene as follows: the DNA sequence between -253 and +27 of the She/
gene was amplified via polymerase chain reaction (Figure 2.1). Pfu DNA polymerase
(Stratagene, La Jolla, CA), which has proofreading activity, was used to enhance the
fidelity of PCR amplification. (Pfu DNA polymerase was used for all the following
PCRs). The 5" primer (PI-1), 5’-CCAGCTCCACGGTTGTTCGTGT-3". is
homologous to sequence of the Sbe/ gene from -253 to -232. An Apal restriction
enzyme site (GGGCCCQ) is located immediately downstream of the 5° primer binding
region of the She/ promoter, -203 to -198. The 3’ primer (PI-2), 5°-
CGATGGATCCTGTGACGGCGTGTGAGT CCC-3’, consists of a DNA sequence
complementary to that of the She/ gene from +8 to +27 and a BamHI restriction enzyme
site (GGATCC) flanked with four random nucleotides (underlined). The PCR product
was digested with Apal 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 DNA sequence during the PCR amplification (all the following PCR products
were sequenced). Then, the 236-bp fragment was ligated to the 2-kb Sall-Apal Shel
promoter fragment and cloned into plasmid pLN cut with Sall and BamHI (
promoterless LUC-NOS gene in pUC119) (Montgomery et al., 1993), thereby creating
plasmid pKL101.

To construct a translational fusion of the Sbe/ promoter containing the first exon
and intron to a LUC reporter plasmid, the DNA sequence between -253 and +228 was

amplified with the PI-1 primer and a 3’ primer (PI-3), 5’-AGTCGGATCCTCAGGC
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GCACATTGCCGCCA-3’ designed to anneal to the region just downstream of the first
intron of the Sbe! gene. The 493-bp PCR product was digested with Apal and BamHI,
and the resulting 436-bp fragment was used to replace the Apal-BamHI fragment in
pKL101. This construct was called pKLN101. To make pKLLM 101 which contains the
Shel promoter with four exons and introns, the 236-bp Apal and BamHI fragment in

pKL 101 was replaced with the 1.8-kb Sbe/ genomic DNA fragment.

The plasmid pKLLNS 101 was derived from pKLN101 by replacing the nopaline
synthase (NOS) 3’ sequence with the native She! 3’-flanking sequence. To accomplish
this, two primers were designed to amplify She/ DNA sequences containing the
transcription stop signal, and the putative polyadeylation signal and site (from + 5382 to
+ 5780). The upper primer (PI-4), 5’-GACTGAGCTCATACCAAATGAAGCCAGG
AG-3’, and the lower primer (PI-5), 5'-ACTGGAATTCGGAACAAGGAACGAAGA
AAC-3’, contain Sacl and EcoRlI restriction site, respectively, along with 4 random
bases. A 419-bp PCR product was digested with Sacl and EcoRI, and the resulting
fragment was then used for substituting a 255-bp SacI-EcoRI NOS 3’ sequence in the

pKLN101.

To create a series of 5’ deletions in the Sbel promoter, pKLN 101 was first
modified as follows: pKLN101 DNA was digested with HindIII and the resulting 7.2
kb fragment lacking the 452-bp HindlIlI fragment was gel purified. The fragment was
blunt ended by Klenow fill-in DNA synthesis and ligated with Sall linkers. After
complete digestion with Sall, the DNA fragment was partially digested with BamHI to
isolate the approximately 1.9-kb Sall-BamHI fragment, which was then gel purified and
cloned into pLLN cut with Sall and BamHI to produce pKLLN101-1 (Figure 2.1).
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Figure 2.1. Construction of the chimeric construct pKLN101-1



A series of 5’ deletion mutants were made from the plasmid pKLN101-1 using
an Erase-a-Base system (Promega, Madison, WT) according to the manufacture’s
directions. Briefly, the plasmid, prepared by two rounds of CsCl/ethidium bromide

centrifugation to remove nicked and linear DNA molecules, was digested with HindITI.

Next, the recessed 3" ends were filled in with a-phosphorothioate deoxynucleotides and

Klenow fragment to protect from exonuclease III digestion. Then, it was digested with

Sall to produce a 5° overhanging end which allows exonuclease III to initiate digestion.

The double-digested plasmid DNA was incubated with exonuclease III at 37°C and

aliquots of the reaction were removed at 30 sec intervals to tubes containing S1
nuclease, which removes the single-stranded tails resulting from exonuclease III
digestion. After heat inactivation of the S| nuclease, Klenow fragment and dNTP were
added to generate blunt ends. which were then self-ligated to produce the 5’ deletion
series plasmids, pKLN 102 to pKLN107. All constructs were sequenced with

pUC/M 13 reverse primer to verify deletion end points.

For the -254 and -196 deletion constructs. two regions of the She! promoter, -
254 10 -146 and -196 to -146, were PCR-amplified by primer PI-6 and PI-8, PI-7 and
PI-8, respectively. Primers used in PCR to create the Sbe/-LUC constructs are shown
in Table 2.1. Since each 5’ primer, PI-7 and PI-8, contain HindIII restriction enzyme
sites and a BstXI restriction enzyme site is located between -173 and -162, the PCR
products were digested with HindIHI and BstXTI and the resulting fragments were used
to replace the 2,047-bp HindIII-BstXI fragment of pKLN101.



Table 2.1. Oligonucleotides used in PCR to create She/ -LUC chimeric constructs.

“Primer §cqucnce" Armc:aling‘R'egionc
PI-1 U CCAGCTCCACGGTIGITCGIGT -253 to -232
PI-2 L cgatggat ccITGTGARCGECGTGTIGAGICCC +8 to +27
PI-3 L agtcggatccTCAGGOGCACATTIGOCOGCCA +209 to +228
PI-4 U gactgagctcATACCAAATGAAGCCAGGAG +5382 to +5401
PI-5 L actggaattcCGRAACAAGGAACGAAGAAAC +5761 to +5780
PI-6 U gatcaagcttACCAGCTCCACGGTIGTICG -254 to -235
PI-7 U attcaagcttCAGATCCOGGCTCAGGGTCAT -196 to -177
PI-8 L.  TGCGACAAGGAGGEGGGCCAT -165 to -146

*U and L indicate upper (sense) and lower (antisense) primers relative to the Sbe/,

respectively.

® The lowercase letters designate restriction sites with four arbitrary bases for cloning.

* Numbers represent distance relative to the transcription start site (+1) of the She/.



2.2.7. Linker-Scanning Mutagenesis

A series of linker-scan mutations were introduced into the 60-bp DNA region
from -314 to -255 as described by Kunkel et al (1987). Briefly, the Hind[II-BamHI (-
314 to +235) fragment from pKLN 105, containing the DNA region to be altered, was
subcloned into the corresponding sites of a M13mp19 vector to produce a single-
stranded template. In order to increase mutant recovery efficiencies, the template was
prepared from an E. coli dut” ung” strain (CJ236) which allows the incorporation of
uracil into the newly synthesized DNA. Next, a set of oligonucleotides with 10-bp
mismatches shown in Table 2.2 were annealed to the template and extended with T7
DNA polymerase. After T4 DNA ligase was added, the resulting heteroduplexes were
introduced into a wild-type E.coli strain (MV1190) to generate mutated double-stranded
DNAs. DNA sequencing was performed to verify that the desired mutations were

correctly introduced and no unintended mutations had occurred.

To create the mutated Sbe | promoter-LUC constructs (pLS1-1 to pLS1-6), the
HindIII-BamHI fragment in pKILN105 was replaced by each mutated DNA sequence.
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Table 2.2. Oligonucleotides used in linker-scanning mutagenesis.

_COI'lS[l'l.ICtS

6ligonucleotidcs

pLSl-1
pLS1-2
pLS1-3
pLS1-4
pLS1-5
pLS1-6

COCGGTTIGCCTITITITYy Clacag gacAAGCTIGGOGTAATCAT
TTGCACGCTTCCCGCETTga Ctgeag g TATTITATGTAAGCTIG
GOCTTIGGGCTTCCACG ECTaga tage TGCCTTTITTIATITIA
GGGCCRATTGECCTTTGa ctgeag gtaCTTCCOGGTTIGCCTTT
AGCTGGTTCTGEECCGACga ctacag aGECTTGCACGCTICOCG

ACAACCGTGEAGCTGGET gt tatcTTGGCCTTIGAECTICC

* The mutated bases are shown in lowercase letters, and restriction sites used for

convenience of screening are underlined.
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2.2.8. Transient Expression Assays

2.2.8.1. Particle Bombardment

Suspension culture cells of maize (Zea mays) endosperm (inbred A636) were
kindly provided by J. L. Anthony (DEKALB Plant Genetics, Groton, CT). The
suspension cells were grown in 250-mi large-mouth Erlenmeyer flasks containing 80 ml
of Murashige and Skoog basal salt medium (Murashige and Skoog, 1962) supplemented
with 0.4 mg/l thiamine 2 g/l asparagine and 30 g/l sucrose (Shannon and Liu, 1977).

The culture was maintained in the dark at 29°C on a rotary shaker (120 rpm) and was

subcultured every 7 days by transferring a portion of the cell suspension into fresh

medium.

For particle bombardment, about 600 mg (fresh weight) of actively growing
cells 3 days after subculture was evenly distributed over the surface of a piece of filter
paper (Whatmann #4, 55 mm in diameter) by vacuum filtration of 8 ml of suspension
culture. The filter paper bearing the cells was then placed over three layers of filter
paper (Whatmann #4, 70 mm in diameter) moistened with 5 ml of the liquid medium

containing 12% sucrose and positioned in the middle of a 10 cm petri dish.



60 mg of gold microcarriers (1.6 um particle size) were washed three times with
1 ml of 100% ethanol and twice with | ml of sterile deionized H,O, resuspended in 1 ml
of sterile deionized H,O, and dispensed in 50-ul aliquots (3 mg/50 pl). The She!

Promoter-LUC constructs and a GUS reference plasmid (pBI 221: Clontech, Palo Alto,

CA) were co-precipitated onto gold particles as follows: under continuous vortexing, the

following were added in order to each 50-ul aliquot of gold particles: 5 ul of DNA (8 ug
of LUC reporter plasmid, 4 pg of GUS reference plasmid), 50 ul of 2.5 M CaCl,, and

20 pl of 0.1 M spermidine (free base, tissue culture grade). The gold particles coated

with DNA were pelleted in an eppendorf centrifuge at 10,000 rpm for 10 sec, rinsed

with 250 pl of 100% ethanol, and resuspended in 60 pl of 100% ethanol. Immediately

after sonication, 8 pl of the DNA-coated gold particles were pipetted onto the center of

macrocarriers (Bio-Rad, Hercules, CA) and dried in a low humidity and vibration-free

environment.

A Bio-Rad PDS-1000/He Biolistic Particle Delivery system was used for particle
bombardment. Bombardment parameters which were optimized include He pressure,
gap distance (distance from power source to macroprojectile), and target distance
(distance from microprojectile launch site to sample target). After optimization, all
bombardments were performed at 650 psi under a vacuum of 26 inches of Hg with a
distance of 10 cm between the cells and the barrel of the particle gun. Following the

bombardments, the petri dishes were sealed with parafilm and then incubated in the dark

at 25°C for 48 hr.
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2.2.8.2. GUS and LUC Assays

The bombarded cells were harvested from the plates by vacuum filtration, frozen
in liquid nitrogen, and ground with a pestle and mortal to a fine powder. The powder
was then transferred into a microfuge tube and extracted with cell culture lysis buffer
containing 300 mM Tris-phosphate, pH 7.8,2 mM DTT, 2 mM 1,2-
diaminocyclohexane-N, N, N', N’-tetraacetic acid, 10% glycerol and 1% Triton X-100

(0.3 ml/g of tissue). Cell debris was pelleted in an eppendorf centrifuge at 14,000 rpm
for 10 min at 4°C and the supernatant was split into two aliquots for assays of GUS and

LUC activity.

For fluorometric GUS assays (Jefferson et al., 1987), 30 ul of the crude extract

was incubated at 37°C with 2 mM 4-methyl umbelliferyl glucuronide in 0.3 ml of GUS

assay buffer (50 mM NaPO,, pH 7, 10 mM EDTA, 0.1% Triton X-100, 0.1%

Sarkosyl, 10 mM B-mercaptoethanol, 20% methanol). After 0, I, and 2 hr of

incubation, 0.1 ml aliquots were removed and added to 0.9 ml of 0.2 M Na,CO; to
terminate the reaction. A TKO 100 fluorometer (Hoeffer, San Francisco, CA) calibrated
by setting a 100-nM MU to 1,000 fluorescence units was used to measure fluorescence
of the product, 4-methyl umbelliferone (4-MU). For each sample, results of GUS assay
were plotted in a graph of OD,, (Y-axis) versus time in minutes and the GUS activity
was expressed simply as the slope of the line. GUS activity from the maize endosperm
suspension cells that had been bombarded with the naked gold particles (no DNA) was

used as a control.
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Using a luminometer (Monolight 1500; Analytical Luminescence Laboratory,

San Diego, CA), luciferase activity was determined by measuring luminescence for 10

sec after mixing 20 pl of cell extract with 100 pl of Promega’s luciferase assay reagent
containing 20 mM tricine, pH 7.8, 1.07 mM (MgCO,),Mg(OH),-5H,0, 2.67 mM
MgSQO,, 0.1 mM EDTA, 33.3 mM DTT, 270 uM coenzyme A, 470 UM luciferin and

530 uM ATP. LUC activity from the maize endosperm suspension cells that had been

bombarded with the pLN (promoterless LUC plasmid) was used as a control. To
correct differences in sample variability and transfection efficiency, the luciferase activity
(in light unit) was normalized with GUS activity, yielding the LUC/GUS ratio of each

sample.

2.2.9. Nuclear Extract Preparation

Maize kernels (inbred B73) were harvested 30 days after pollination and frozen
in liquid nitrogen. Nuclear extract was prepared essentially according to the method
described by Jensen et al. (1988). The frozen tissue (10 g) was ground with mortar and
pestle in liquid nitrogen and transferred into a polypropylene screw-cap centrifuge tube
followed by addition of 20 ml of buffer A (10 mM NaCl, 10 mM Mes, pH 6.0, 5 mM
EDTA, 0.6% Triton X-100, 0.25M sucrose, 0.15 mM spermine, 0.5 mM spermidine,

20 mM B-mercaptoethanol and 0.2 mM PMSF). After mixing, the suspension was

filtered twice through several layers of miracloth and centrifuged for 10 min at 2000 g to

pellet crude nuclei. The crude nuclei were twice washed in buffer A, resuspended in 3
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ml of buffer C (20 mM HEPES, pH7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl,,
0.2 mM EDTA, 0.5 mM PMSF and 0.5 mM DTT), and homogenized in a Dounce

homogenizer with a B pestle (Kontes, Vineland, NJ). The resulting extract was stirred
gently for 2 hr at 4 °C and then centrifuged for 15 min at 15,000 g. The supernatant
was dialyzed for 2 hr against 50 volumes of buffer D (20 mM Hepes, pH 7.9, 0.5 mM
PMSF and 0.5 mM DTT). Following dialysis, the extract was aliquoted, frozen in
liquid nitrogen, and stored at - 80 °C. Protein concentration was determined using a

BCA protein assay kit (Pierce. Rockford, IL), according to the manufacturer’s

instructions.

2.2.10. DNA Probe Preparation

The Sbe! promoter region from -314 to -255 was PCR-amplified with a forward
primer (5’-GGACTTACATAAAATAAAAAAAGG CA) and a reverse primer (5°-
TGCTAAGCTTTCTGGGCCGATTGGCCTTTG) which contain BamHI and HindIII
restriction enzyme sites, respectively, at their 5° ends (underlined). The PCR product
was digested with BamHI and HindIII, and the resulting fragment was cloned into
pBlueScript SK™ cut with BamHI and HindIII to create plasmid pRb4-1. The plasmid

construct was verified with DNA sequencing.

For electrophoretic mobility shift assays, the DNA fragment was cut out from

the plasmid pRb4-1 with HindIII and BamHI, purified from agarose gels, and end-

labeled with [o-**P]-dCTP using the Klenow fragment.
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2.2.11. Electrophoretic Mobility Shift Assay

The DNA-protein binding reaction was performed in 20 pl of solution containing

0.5 ng of labeled probe, 10 g of nuclear protein, 1 pg of poly (dI-dC)-poly (dI-dC),

12% glycerol, 12 mM HEPES-NaOH (pH 7.9), 4 mM Tris-Cl (pH 7.9), 60 mM KCl, 1

mM EDTA and | mM DTT. After a 20-min incubation at room temperature, the samples

were loaded into a 4% native polyacrylamide gel which was pre-run at 4°C for [ hr at

150 V and electrophoresed for 2.5 hr at 150 V in Tris-glycine buffer at 4°C. Following

electrophoresis, the gel was dried with a gel dryer (Bio-Rad) and exposed to Kodak X-

ray film with two intensifying screens for 24 hr.

2.2.12. Northern Blot Analysis

Total RNA was isolated according to Vries et al. (1988) from maize endosperm
suspension cells which had been incubated for 24 hr in the MS basal salt media

supplemented with 0.4 mg/l thiamine, 2 g/l asparagine and various amounts of sucrose

from 0% to 15%. Each RNA (10 ug) was denatured at 65°C for 15 min in 20 ul of

sample preparation solution containing 2.2 M formaldehyde, 50% (v/v) formamide and

IX MOPS buffer (20 mM MOPS, 1 mM sodium acetate, 10 mM EDTA, pH7.0). After

incubation on ice for 5 min, 1 pul of ethidium bromide (1 mg/ml) and 2 pl of

formaldehyde gel-loading buffer (50% glycerol, | mM EDTA pH 8.0, 0.25%
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bromophenol blue and 0.25% xylene cyanol FF) were added to the denatured RNAs.
The samples were loaded into a 2.2 M formaldehyde, 1.2% (w/v) agarose gel and run at
4 V/cm for 3-4 hr until the bromophenol blue neared the bottom of the gel.

Fractionated RNA was transferred onto a nylon membrane (Hybond N, Amersham)

according to the manufacturer’s instructions, and fixed by a UV exposure for 30 sec.

The blot was prehybridized at 65°C for | hrin 0.5 M Na,HPO,, pH 7.2, 7% SDS, and
100 pg/ml denatured salmon sperm DNA. 25 ng of a full-length Sbe/ cDNA was

labeled with [a-**P]-dCTP using the random primed DNA labeling kit (Boehringer
Mannheim, Indianapolis, IN), and purified with a Sephadex G-50 spun column to

remove unincorporated nucleotide. After hybridization at 65°C for 18 hr with the probe,

the blot was washed twice in 5% SEN and once in 1% SEN for 15 min at 65°C.

Radioactivity was detected with a PhosphorImager and quantified with the ImageQuant

software program (Molecular Dynamics). To correct for minor loading errors between

the lanes. the blot was wash at 95°C in a 0.1% (w/v) SDS solution to remove the *P-

labeled Shel cDNA probe and rehybridized with a **P-labeled tomato cDNA for 26S
rRNA.
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2.3. Results

2.3.1. PCR Amplification of Maize Genomic DNA

In order to obtain a probe for genomic library screening, maize genomic DNA
prepared from 22 DAP kemels (W64A) was amplified by polymerase chain reaction
(PCR) using upper and lower primers designed to anneal the She/ cDNA (Baba et al.,
1991) from 438 to 457 and 745 to 764, respectively. A single amplified DNA band,
approximately 500 bp in length, was observed on an ethidium bromide-stained agarose
gel. The PCR product containing EcoRlI sites at both 5°- and 3’-ends was digested with

EcoRI restriction enzyme and the resulting fragment was cloned and sequenced.

Alignment of sequences between the maize PCR genomic fragment and the
published Sbe/ cDNA (Baba et al., 1991) shows that the PCR fragment contains the
predicted Sbe/ cDNA sequence with only 3 different nucleotides and a 103 bp intron
(Figure 2.2). The differences could be explained by cultivar polymorphisms or
misincorporation of bases during PCR amplification by Tag DNA polymerase which
does not have proofreading activity. This PCR fragment was **P-labeled and used as a

hybridization probe for screening a maize genomic library to isolate Sbe! genomic

clones.
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TAAATTIGCTCTTTGETCGATCAAAATTGACCATGTCAAAGCGAAACCTGCCATCCCTCACAATTCCAAG 140

NN RN NN A RN RN RN AR RN R RN AR AR NN A AR

TAAATTTGGTGTTTGGTOGATCAARATTGACCATGTCAAAGGGRAAACCTGOCATCCCTCACRATTCCAAG 577

GITAAATTTCGCTTICTACATGGTGEAGTACGGETTGATOGTATTCCTGCATGGATTCGTTATGOGACTG 210

LUCPEEECERECDCEEEEE R COPPEEE R R R e e COre TR e er

GTTAAATTTCOGCTTICTACATGGTGGAGTATGGGTTGATOCTATTCCAGCATTGATICGTTATGCGACTG . 647

TTGATGCCTCTARAT T TGGAGCTCCCTATGATGGTGTTCATTGGGATCCTCCIGCTTCTGAAAGGTCICT 280

LEEEEETET O TR EEEEEE R TR EEEREE TR E R TP R PR LT H

350

ATAGTACCTTTTACCTCTIGGTTTCCAGGTACACATTTAAGCATCCTOGGCCTTCAAAGCOCTGCTIGCTCCA. 420

LECECELETTEEEEEE R E TR EEETETEE T

GTACACATTTAAGCATOCTOGGOCTTCAARGCOCTGCTGCTOCA. 754
OGTATCTATG 430 Top strand : PCR Product

LT

CGTATCTATG 764 Bottom strand : Sbe1 cDNA

Figure 2.2. Sequence alignment of the maize genomic PCR product and the published
Sbel cDNA sequence (Baba et al., 1991).

DNA sequences of the Sbel PCR product and the published cDNA are displayed on
top and bottom, respectively. Short vertical lines indicate conserved nucleotides and
dashes represent the predicted introns.
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2.3.2. Isolation and Analysis of a Maize She! Genomic Clone

In a screen of approximately 3 x 10° plaque-forming units from a genomic
library prepared from maize seedlings (inbred B73), 8 positive lambda clones were
isolated which strongly hybridized to the probe, a PCR-amplified genomic fragment
corresponding to the region from positions 438 to 764 of the maize She! cDNA (Baba et

al., 1991). Restriction mapping and partial DNA sequencing of these clones clearly

indicated they all originated from the same genetic locus. A full-length clone (AS-1-1),

containing the entire coding region of the She/ gene as well as 5°- and 3’- flanking
sequences, was selected for further analyses. Figure 2.3(A) shows a restriction map of

the genomic clone. The 3.0-kb Sall fragment and the 6.2-kb PstI fragment from the

clone were subcloned into pBluescript SK- producing plasmids pBI5S-1 and pBI5-2, and

their nucleotide sequences were completely determined and shown in Figure 2.4.

Consensus sequences of a TATA-box as well as a G-box containing a perfect
palindromic sequence, CCACGTGG, were found in the 5’ flanking region of the gene.
Primer extension analysis was performed to identify the transcription initiation site of the
Sbel gene. As shown in Figure 2.5, a single extended product of 44 nucleotides was
observed. The band co-migrated with an A residue in the sequencing ladder generated
using the Sbe/ 5’-flanking region as a template, indicating that the transcription initiates
at a position which is located 24 bp downstream from the putative TATA box. This
suggests that the TATA sequence may be a functional element of the Sbe/ promoter.

The position of the transcription start site is indicated in Figure 2.4.
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Figure 2.3. Structure of the lambda clone 5-1-1 containing the Shel gene.

(A) Restriction map of the 5-1-1 clone.

(B) Genomic structure of the Sbe/ gene. The thin black lines indicate
the 5'- or 3'-flanking sequences of the Sbel gene. The solid black boxes
indicate exons and the open boxes denote introns. The numbers
represent positions relative to the transcription initiation site (+1).



Figure 2.4. Nucleotide sequence of the Sbe! gene and 5’- and 3’-flanking regions.

Flanking regions and introns are shown in lowercase letters, while exons are
presented in uppercase letters. The deduced amino acid sequences are shown below
the string of exon sequences. Numbers indicate the distance relative to the
transciption start site (+1) which is indicated by the arrowhead. The consensus
TATA and G-box sequences as well as putative polyadenylation signal are
underlined. The regions containing at least 82% sequence homology with the rice
Sbel 5' flanking region is also underlined. The asterisk and dot indicate the stop
codon and putative polyadeylation site, respectively.



43

gtcgactgecctctagaccececgatgaagtcaaggatagtgagegeccaaccaagtttaggetcecccage -2121

cagatgatcatgttaggtgttccactgccataaaagaaagegteogtgatgtegtacttgggageggtga -2051

atacgtaaggggacagatgctcatataccttcatctgttttactcgaaattactaatgttttecctatgt -1981

cagctaaagtgaaatctcaccegaccaatcttgeagattgtgaatgacttgaagtttacegtgaaccatyg -1911

ctgtggaacccatcaatgaaaagetgeacatgatatecgagaacatcaaaaagegtoagaagogasagag ~1841
gaaaacgaatgatgatagctgcatcagttcaccaacatecttgaccagggtcatcagtgggattgatgat -1771

ccgetectgaacggaagetigagtgacaacageggtccaaagaaageacggaggcagegeaggaaatcag -1701

gctatgcaagegcagagagoggtggggagageagegaccatggectaggegggtttgagatcegagggaa -1631

cagatggattactagggagtgacagetaggagcaatctgtggagatactatgtaaatgtcacaggagttg -1561

gectgtggtgatgtgegataacegagccagtgggttetgagegtaagacgaggtctetageaatgatatg -1491
ttgtagcegtgactaaatcgagatgagcaatcaggttgttgtetgttgattettteggetgaccatttegy -1421
ctgctgaggecttgatcctgtatttgagatgtecaggectacttagagecaaatgetggaaggaagcaatgt -1351
gecetgttetgaggtecctecageatcact tgtaatttgtaaagtactcaagtacagactagaactagtca -1281
tgcataccagaagttgaggcctgagatgeogtgecactectatttgetetgtttcatgetttgeegttatt -1211
atatcactattttcactgttcattctaaggecgttgtcacacgggtaccagaagagcagaacaccttttt -1141
acgttccttttgetgetatggatggacttegagagttccttgagaaagcactetcatetatetttecaat ~-1071
tccttgtttecttgtggatectgatcactgaagatggecatttgatttttcacttttcagttatatataa -1001
agtgaagacggttgtctcacgcaatatgtgaagtgeaagatgagetctacactgeaaggaaccccaagaa -931
aaaaccacaggtaagtttgtctgattgacaacggctagagctgtetgacgatgcagatgacteegeatgt 861
tcattcatcactttaatttgttagaaaagctacacaaaaagcacatcagaaaaaaagaagaaaaagcetat ~-791
ttagtggtactactagttgcaacttgcaataatgatgatgataaatctgeacaagecatagetatgetat -721
atgctatagetatgtatatgtacacaaaaaatacattttttgtgetattttttttaccgetagtataata —-651
tccatgtcttgctacaacacacaatcatatttaatacctataaaaaataaatttaatattaaaataaaca -581

tatggtccacaccatatattaaactgctaaaaacaaatattataactcatttgatocgttcatectettte -511

ggttagtgaggtggacagtgagagegcetgcatcgtgttattgggtttgactggtttctcacggetcatet ~-441



gtgttgtaacgacctatctatggtcaaacaaactattaggattattgttaggcgaaaaatgagggagata
aataaacctataagcaggacacatgaaacatatgetttaaacagtagagattaacaacataaaataaaaa
aaggcaaaccgggaagegtgcaageccaaaggecaatcggeccagaaccagetecacggttgt tegtgte
cgcccacgtggcacgecoggecattecgggeccacagatceggetecagggtcatgtgecactgecatgge
ccccEZZgigtcgcagcggcagattgcgacggggaagaaaggtgaggagaccaagcgaaaaaaatcacgc
ttrcattgegaggggggaggatagggaggaagacgcecaagecagetecagtecggcaccegatataaage

v TATA-box
ggcaggeacttggattgetg ACGAGATEGEACTCACANGOOETCACAATECTGTGCCTOGTCTOGCOCTC

M L CL VS P S

T I CGCCCAC T OO T T OGO CECEEOECTCTOGC TCGCATGCTERATCEEGECEGECACOGOOGEEG
S S PTPLUPUPUPIRIRS SRS SHADTRAARAPUPG

ATCXGgtaagetgeggcgatecogygggctaggtggatttactacttttgettttttttecttetgtactga
I A

tggttcatagtttegeag GETEEOGECAATCTCOCCCTRAGTGCTGT TCTCIGCTCCAGTGCAAGECTOGCC
G GGNVU RILSVIL SVQCIZEKA AR

GGTCAGGGETCOGGAAG gtagatctttecoccagat tagaacacgttgt tacggacaaaatggaat ttogt
R § GV R K

agtagttttggagagagaaaaaaaactctggaatttgtggattgggtectgetogetttguatttggete
tagtgctttgttatcagtagtaatcattttaccaagtctageggatctcagatttcaactgaagttgttt
aaattttggtggttggttttcttcagccatectaatcatttattacataataattagttgaaatasagty
ctatatttgatatttctgtggttgetgoageagetaattagettcactacattttcacgtgttagettet

attgctogtgtaattctgaatctggetttaacgcactgtgeaag GTCAAGAGCAAATTCOGCCACTGCAGT
V KS KFATAZA

G AAGCTGEACATATTCAAGGACCA CAGGTACOGERATEAAAAGATTOCTAGAGCAGAAAGGS
D PKXKLEIVP P KDHP FRYRMIEKRTEFLEU QI KSG

CAATTGAAGARARATEAGGGAACTCTTGAATCTTTTICTARAG gttaggcttaatacattcaaatgectaat
S I EENEGSTULESU?PFSK

acaaggaccatttcacaatatttatagcacctgoccatgeogcaaaatattatctgeatcatcaacattt
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cegmattttgtatttttttcag GCTATTTGAAATTTCCGATTAATACAAATCGAGCGATGGAACTGTATATC 1030
G YLEKVPFGINTNETDGTUVY

GTGRATGGGCACCTGCTGOGCA gtaagt tectaatgt tgtcatgeaaacatgatgtactggeggggtateg 1100
R EWAUPAAQ

tttttteccattttgettgtgaagagatategtctgatagtaactatattaaaaasaaaagaacagectaaa 1170
acacaggagagtaatcaatgtttgggagtagaaaactgtteggatatttcattettgtgecaagactgteca 1240
tgtcttagetgaggaggetattttttttcttgetgtgattacataatgetgttttcttettatgacaata 1310

tactttccactattttaatagattgatgecatttgacttgagttttttactcatgggtgtag GGRAGECAGA 1380
E A E

GCTTATTGGTGACTTCAATCACTGCAATGCTGCAAACCATAAGATCGAGAAGCGATAAATTIGGTGTTIGG 1450
LI GDV FNUDWNGANUHI KMMEUIZKDI KT FGVW

TCGATCAAAATTGACCATGTCAAAGGGAAACCTGCCATCCCTCACRATTCCAAGGTTARATTIOGCTTIC 1520
S T KIDHVIEKGE KUPATITZPHNSI KV VI KT FRTF

TACATGGTGGRACTATGEGTTGATCCTAT TCCAGCAT TGAT TCCTTATGCGACTGTTGATGCOCTCTAAATT 1590
LEGGVWV VDR RTIUPALTIRYA ATV VDA ASTI KTF

TGGAGCTCCCTATGATGETGCTTCATTGGGATCCTCCTGCTTCTGAAAG gtetetttetactgtectggac 1660
G A PY DGV HWDUPUPASER

cacattgtaaacttaagcaatagaccttagcagacaaaaatatatgacaaaattatagtaccttttacet 1730

ctgatttacag GTACACAT T TAAGCATCCTOGGCCTTCAAAGCCTGCTGCTCCACGTATCTATGRAGCCC 1800
Y T FKHPIRUPSI KPAAPRTITYEA

2110

G YHVTNTFV F- AV S SRSGTUZPEUDTLIZ KTYTL

TTRATAACGCACACAG T T TG TTTGCRAGTTCTGATGEATGTIGTCCATAGCCATGCAAGTAATAATGT 2180
VDKAHSLGLIRVVLMDV VY VHSHASNNUV

CACAGATG [RAATGGCTATGA GGEACAAAGCACCCAAGAGTCOCTA CATGOGGGRAGATRAGA 2250

T DGL NGYUDVGQSTQESYT FHAGTDR
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GET TATCATARACT TTGGGATAGTOGECTCTTCAACTATGCTAACTGGGEAGCTAT TAAGCSTTTCTICTTT 2320
G YHEKLWDS SR RILV FNTYANWEUVLUZ RTFILL

CTARCCTGAGATAT TGGTTCEATGAAT TCATGT TTGATGGCTTCCGATTIGATGGAGTTACATCAATGCT 2390
S NL RYWULUDEVFMTFUDGP FRTPFDGVYVTSML

GTATCATCACCATGETATCAR TG TCGEGETTTACTGGAAACTACCAGGAATATTTCAGTTTGGACACAGCT 2460
Y  HHHGTINVGT FTGNYOQEVTYTFSULDTA

GIGGATGCAGT TG TTACATGATGCT TGCAAACCATTTAATGCACAAACTCT TGCCAGAAGCAACTGTTG 2530
vVDAVVYMMLANUHLMEHEIEKTLTLUPE- ATV

TTGCTGAAGATGT T TCAGGCATGCOGGETCCT TTCCOCGOCAGTTGATGAAGGTCEGECTTGEGTTIGACTA. 2600
VAEDVSGMPVLCRZPVDEGGVGTF FTUDY

TCGCCTGGCARTGGCTATCCCTGATAGATGGATTGACTACCTGAAGRATARAGATGACTCTGACTGEETCG 2670
R L AMATIUPUDU RWTIDYTLI KNI KDUDS STEWS

Ja ee eAAA ‘e‘e“ vb en vA A‘Ae ¥4 eJA VA vA ok A A A 2 e‘& .e.‘ VA e- e'A .e
M GEIAHTILTNIRIRYTEI KT CTIA AYA ATE S

2740

ATGATCAGgtaccctgeattatataataactttataaggaagtatagttggatgcagcaaagtattttat 2810
H D Q

ttccttgtgoggtagacaacacatggggcaagtatettttaatcagacagtactatatttcatcacattt 2880
ctatcctgattgetagtaactggattagttattcataaaaaattaggecctectaagecatgtttaagaat 2950

ttgcaatcacatatgacctgtttatcttatactggaaattaaaatcatgecaaattttcag TCTATIGTIG 3020
S I Vv

(3 ACAADD ' A CATGGACAAYGAAD PACA (XA (2

, , 2 GC 3090
G DKTIAVPFLU LMDI XEMYTGMS SUDULGQUP-A

TTCACCTACAATTCGATOCGAGGGATTGCACTOCAANAG gttecattetectcaagttctggttgaacctgg 3160
S P TIDRGTIA ATLOQHK

ttttcaataattcttgaatgagtteectcaatataccttgettattgtgttetgtacactccag ATGATT 3230
M I

CACTTCATCACAATGGCCCTTGGAGGTGATGGCTACTTGRAAT TTIATGGGAAATGAG gtgaaatcteggt 3300
HF I TMALGGUDGYILNTFMGNE

cttttgaaaaatgtttcoccattaataagectgeataaacettttgtattttttttctatttgaggttteca 3370
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gcatttagagtcgaccctetattttetcagtaactgaagttectaatggetatttgaatggttaatgtta 3440
attcegagtagegcetegttgeacatgaaaatgtggtetgtttatggetgetaatecttttgtgacttgte 3510
caatatactcgtacaacatgggatacatgtaacccttcactatcaagcategettaaatgtcaacatcat 3580
acagagatattatcaagtctttctectgeactatecctggaatgaaaaaaaagagttgtttcatategtat 3650
ctgtacttttacaaatgagtgtgatctttguagaagttagttgacggaatggtccactgtattttgtttg 3720

ttatatgtttctecttattecatagtgtattcaattgatgtgeaattetettetag TTTGETCAOCCAGAA 3790
F GHUPE

D A CRAACGAIAAMYCADCAD CGALCTA ATAAATCCAGRACGACA GALY (Y

: AG ; A 3860
WIDFPREGNNTWSTYDEKCRROQWSTLYV

ACACTGATCACTTGOGGTACAAG gttatgtctatgaatgeaatecttataagatttttgttctggecacca 3930
D TDHTU LTI RYK

ttctaggctctetttgacctttacctettecatttategetgtetectatactagetagatctgtectectg 4000
agactagctagatgtcagttccttactactattacactcettgagttgagetgggtccagatatgetttte 4070
cacactttgttttgctgecccactgecctactatagtaaattgecaccaacceegtacatgttactcaata 4140
aacaggttggattggectgtgeaaacctagtattttgtaagttgacctggetttatgtattgecattgtt 4210
gaataaaaataattttgatgcattgattggtatgtcattttcataactttgcagacctaggaatgtactt 4280
ctcaatcattggttgttttgttgatagaaattattctgtttacagcatatggtggactaaatatccaagt 4350
gaacgtttgttttgtetgtttttttttctaccectcaagtttacaatttatccoggectaacatattaatg 4420

tttteteecttgoctctaatgetgaacag TACATGAATCOCTTTGACCAAGCCGATGAATGOGCTOGATGAG 4490
YMNAFDOQAMNUZ ALTDE

ACATTTTCCTTCCTTTOCTOCTCAAAGCAGATCCTCAGOGACATGAACGATGAGGAAMAG gtaaggattt 4560
RFSFLSSSKQIVSDMNDEEHK

cagaatacttggtatgagagtgttgegacgtttetttetttcttaggaagagtggtaactctagettgtg 4630
tgctgtattttgecgattaaggegagettcaatttaggagtggatggtttgtcageattattttttetac 4700

ttogttteag GTTATTGICI TIGRACGTGEAGATTTAGT TTTIGT TT TCRAATTTCCATCCCAAGAAAACT 4770
VIVVPFERGDLVVFVF FNVFHUPI KI KT
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TACGAGGG gtaagtcaccagttgtaaaaccctgtettttcagagtecccttttgectgtggtataatataa 4840
Y E G

tatagtgtgettaccteccatetetgetetgecaacttatatgeag CTACAAAGTCCRATGCGATTTGCOCT 4910
Y K VGCDULUP

GERAARTACAGAGTAGCCCTGGACTCTGATGCTCTEGTCTTOCGTGGACATGGAAGA gtaagtagtgacg 4980
G KYRVALDSIDALVVFGGHGR

gtagacgctgaaagatgttttttttttttaatttttgecctacteeccgtagttggggecggeeggecgte 5050

gagaatcgatcatatcaggetgtegtgtttgegagactcatggatgetgtgacgcag GTTCEOCAOGAOG 5120
V GHD

TGRATCACT TCACGTCGCCTGRAAGGGGTGOCAGEGETCCCOGAAACGAACTTCAACAACCGGCOOGAACTC 5190
VDHPFTSUPEGVPGVPETNVFNNIRUPN S

GTTCRAAGTCCTTTCTCCGOCCOGCACCTIGICIC gtaatgttecacttactctcagetgaactgatgaget 5260
F RKVL SPUPRTZGCUV

agaatgtatcegeectgacaaaccgtectgetgecag GCTTATTACOGTGTAGACGAAGCAGGEGECTGEA 5330
A YYRVDEA AGA AG

CA 5400

R RLHAKAETGI KTSU?PAESTIDJVIZ KA AS

R AS SKEDIZEKEA AT AGGI KIE KU GWIE KT F A AIRZO QTP

ATCCGATCARGATACCAAATGAAGCCAGGAGTCCT TCETGAGEACTGEACTGGCTGCCGEOGECCCTGTIA 5540
S DQ D TZ K *

GIAGTCCIGCTCTACTGERACTAGCOGOOGCTEEOGCCCTTCEAACGETCCTTTCCTGTAGCTIGCAGEOG 5610
ACTGEIGTCTCATCACCRAGCAGGCAGGCACTGCTIGTATAGCTT T TCTAGAATAATAATCAGCGATGGA. 5680
TGRTGCIGIG AT TEGCCTATCTGCCTAGROGTGCATCTGOCCAGTTIGTATCTACAGGAGCAGTTCOOG 5750
°
TCCAGAATAAAAAAMAACTTGTTIGGGGGGTTTTICTICTA ctetgtagtetgttettgetaggttgacga 5820
Poly (A) signal
agatgtttgatattagatgceccatagatcatgtactgttaagtttcttogttecttgttecectgtecagtt 5890
cacatttgattccagetgtteagcaggecggteagetcagetecacacogggggecaggeeggantcacg 5960

caggatctttteatttcatgogtcataacacaaacacttttgatcttttcagacaaaaaagatggateg 6029
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Figure 2.5. Primer extension analysis of the transcription initiation site of
the Shel gene.

A 32P-end labeled antisense primer was annealed to 10 pg of total RNA
isolated from maize kernels (30 DAP) and extended using reverse
transcriptase. The extended cDNA product was then analyzed on a 5%
sequencing gel (lane P) along with a She!/ 5’-flanking genomic DNA
sequencing ladder (G, A, T, C) generated by the same primer. The
number inside the vertical double-headed arrow on the right refers to
distance from TATA-box to the primer extension product indicated by the
horizontal arrow. The sense sequence around the product is shown on the
left and the transcription initiation site is boxed and assigned +1.
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To determine the polyadenylation site of the Sbe! gene, 3° RACE was conducted
(data not shown). It demonstrated that a poly (A) tail occurs at an adenine nucleotide
located 29 bp downstream from a putative polyadenlyation signal (AATAAA) in the
Shel gene (Figure 2.4). Along with the primer extension result, this indicates that the

transcribed region in the Sbe/ gene is 5,690 bp in length.

2.3.3. Structure of the She!/ Genomic Clone

Alignment of the genomic sequence with the published maize Sbe! cDNA
sequence (Fisher et al., 1995) revealed that the gene is composed of 14 exons and 13
introns distributed over 5.7 Kb. Figure 2.3(B) summarizes the organization of the maize
Sbel gene. The cDNA sequence is identical to the corresponding genomic sequence
except for a | bp mismatch in exon 14. Table 2.3 shows the sequences around the
exorn/intron junctions and a list of putative branch point consensus sequences, which
were derived as described by Brown (1986). The introns, relatively AT-rich (61%)
compared to the exons (52%), vary in length from 73 bp to 565 bp, and all of which

have the conserved sequences at their 5’ and 3’ ends, following the “GT--AG” rule of

plant introns (Brown, 1986). Exon I, 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.
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Table 2.3. List of introns and sequences of exon/intron borders in the Sbe! gene.

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

TG GrAAG ---- CIGAT--17- -GG GCIGG 82 46.

GRAG CIAGA ---- CIGAA--24--GRXG GICAA 377 36.

TAAAG T'TAG ---- ATCAT--30--TICAS GCIAT 120 34.

CGCA CTAAG ---- TIGAC:-25--TCTAG GGRAGG 319 34.

GAAG CICIC ---- ATGAC--33--TAQCAG GIACA 103 35.

ATCAG CTACC ---- ATGAC--43--TICAG TCTAT 262 32.

AMNAAG GITCC ---- CICAA--33--TCCAG ATGAT 97 39.
ATGAG GIGAA ---- TIGAT.-17--TCTAG: TIIGG 488 35.
GI'TAT ---- CIAAC--37--AAC2AC TACAT 565 37.
ADANG  GLAAG ---- GICAG--25--TICAG: GITAT 160 39.
GAGSG CTAAG ---- CITAC--31.-TAQCAG CTACA 107 41.

GAAGA CGTAAG ---- CICAT--16--0C2AG GIIGG 140 49.

w W P w NN PP YU NN ND Y W

B B B B v o 9 v 1 b w v P

GIGIG CTAAT ---- CIGAC--18--GCAG GCITA 73 49.

Consensus sequences between introns are underlined.



Comparison of the maize and rice Sbe! genomic DNA sequences (Kawasaki et
al., 1993a) revealed two large highly conserved regions in the 5’-flanking sequences.
The results are shown in Figure 2.4 and Figure 2.6(A). One, 161 bp in length, is
present between -2190 and -1890 in the maize She! 5°- flanking sequence, and has 82%
similarity with the corresponding rice region. The other, 342 bp in length, is located
from -1804 to -1611, and shows 85% similarity with the corresponding rice region.
These sequences conserved between the species suggest that the regions may play a

very important role in gene expression.

[nterestingly, a part of the latter region from -1804 to -1611 (194 bp in length)
shares 83% similarity with the 5° untranslated sequence of a Ca**-dependent protein
Kinase gene in rice (Kawasaki et al., 1993b), suggesting that a maize version of protein
kinase gene may be located immediately upstream of the Sbe! gene. In the rice genome,
the two genes are separated by approximately 1.4 kb, and transcribed divergently from

each other (Figure 2.6(A)).

5’-flanking sequences downstream from the two conserved regions did not
show sequence similarity between the two genes (less than 25%) except for a G-box
motif and several small segments adjacent to the G-box as shown in Figure 2.6(B).
This may indicate that the G-box plays a role in regulation of Shel gene expression.
The G-box is found in other plant genes which respond to diverse 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).



Figure 2.6. Sequence comparison between the maize and rice Sbe/ promoters.

(A) Highly conserved sequences found in the distal promoter regions. The open
boxes indicate the conserved regions containing at least 82% sequence similarity
between the two Sbel promoters. The striped box denotes 83% similarity between
the maize She/ and the rice Spk (Ca2+-dependent protein kinase) cDNA sequence
which is represented by the stippled box. The arrows indicate transcription
directions and the numbers indicate the distance relative to the relevant transciption
start sites.

(B) Proximal sequences showing conservation between the two She/ promoters.
Short verticle lines indicate conserved nucleotides and dashes represent gaps to
maximize aligment. The G-box is underlined.
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Other notable feature derived from the sequence comparison is that the maize and
rice Shel genomic structures are quite similar. As shown in Figure 2.7, both genes
consist of 14 exons and 13 introns, the positions of which are conserved between the
two species. The sizes of exons (exon 3 to exon 13) constituting most of the mature
proteins are identical except exon 5, in which the rice Sbe! gene has one more codon for
glycine residue compared to 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 She!/ gene is not found in the maize gene.
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Figure 2.7. Structures of the maize and rice Sbe! genes (Kawasaki et al.,1993a).

Black boxes indicate exons and thin lines denote introns. Bent lines indicate size

differences between corresponding introns. Numbers represent the sizes of
exons and introns.
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2.3.4. Genomic Southern Blot Analysis

To determine the number of Sbe! genes in the maize genome, Southern blot
analysis was performed. When blots were probed with the full-length maize She /
cDNA (Fisher et al., 1995) under high-stringency conditions, at least three hybridizing
bands were observed in each lane as shown in Figure 2.8. Comparison of the
hybridization patterns with the restriction map of the Sbe! genomic clone revealed that
not all the bands in the Southern blot corresponded to the genomic map, suggesting

more than one Sbe! gene is present in the maize genome.

To confirm this, a 0.6-kb genomic DNA probe which does not have any
restriction enzyme sites used in the genomic blot was prepared from the genomic clone
5-1-1 by BamHI-HindIII digestion. The genomic probe will produce only one
hybridizing band in every lane if there is a single copy of the Sbe/ gene in the maize
genome. As shown in Figure 2.9, however, the genomic probe (probe 2) containing the
central region of the She/ cDNA detected in each lane one or two additional bands apart
from the bands predicted by the genomic map. This indicates that along with the
isolated Shel gene, another Sbel gene or a gene very closely related to She! exists in
the maize genome. Interestingly, when a 1.7-kb BamHI-Pstl genomic fragment
consisting of the Sbe/ promoter and transit peptide-coding region was used as a probe
(probe 1), only the bands predicted from the identified She/ genomic DNA sequence
were detected as shown in Figure 2.9. Taken together, these results suggest that
although two Sbhel genes are present in the maize genome, their 5° flanking sequences
and the 5’-end of the coding regions (at least in DNA level) are quite divergent from

each other.



Figure 2.8. Southern blot analysis of maize genomic DNA probed
with the full-length Sbel/ cDNA.

Each lane contains 10 ug of maize genomic DNA digested with the
indicated restriction enzymes: B, BamH I; E, EcoR I; Bg, Bgl II; H,
Hind III. Genomic DNA was prepared from etiolated maize
seedlings (inbred B73). The maize Sbel full-length cDNA was 32P-
labeled using the random primed DNA labeling kit (Boehringer
Mannheim) and used as a probe. Hybridization and washes were
performed at high-stringency conditions. Arrows indicate the
position of the DNA size markers in kilobases.
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Figure 2.9. Southern blot analysis of maize genomic DNA probed with partial
Sbel genomic DNA fragments.

(A) Schematic diagram of the Sbe/ genomic clone displaying the locations of
restriction sites and the different probes used for genomic DNA analysis shown in
(B).

(B) Autoradiography of genomic DNA gel blot hybridization analysis. Each lane
contains 10 pg of maize genomic DNA digested with the indicated restriction
enzymes: B, BamH I; E, EcoR I; Bg, Bgl II; H, Hind III. Blot 1 and 2 were
probed at high stringency with the probe | and 2, respectively. Bands which were
not predicted from the restriction map of the She! genomic clone are indicated by
asterisks at right. Arrows indicate the position of the DNA size markers in
kilobases.
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2.3.5. Genetic Mapping of She Genes

As part of the mapping efforts of the University of Missouri-Columbia Maize
RFLP Laboratory, two genomic loci have been mapped for Sbe! genes on chromosome
6.bin 6.01 and chromosome 10, 10.04 using a mapping population of 54 immortalized
F2 individuals from a cross of Tx303 x CO159. This supports the conclusion made
above based on genomic Southern analysis that two Sbel genes exist in the maize

genome.

2.3.6. Effect of Exon/ Introns and 3’-flanking Regions on Expression in Maize

Endosperm Suspension Cells.

To determine whether the 5° flanking sequence of the cloned Sbe! gene (AS-1-1)

has all of the necessary DNA elements to initiate transcription, a 2.2-kb fragment
upstream of the translation start site (-2191 to +27) was fused to the luciferase (LUC)
reporter gene in pUC119 (pKL101) as shown in Figure 2.10. The chimeric plasmid
was then introduced into maize endosperm cells via particle bombardment along with a
reference plasmid containing the cauliflower mosaic virus (CaMV) 35S promoter linked
to a GUS gene (pBI221, Clontech) to correct for transfection efficiency. Promoter
activity was assessed by measuring the level of LUC expression. However, only low

levels of LUC activity were detected.



Since many reports indicated that DNA sequences within transcribed regions
such as exons, introns and 3’ flanking regions are involved in the expression of genes in
either qualitative or quantitative manner (Callis et al., 1987; Hamilton et al., 1992; Fu et
al., 1995; Ulmasov and Folk, 1995), three different types of translational fusion
constructs were created to test the role of downstream elements on Sbe! gene
expression. First, as shown in Figure 2.10, the 5’-flanking sequence as well as the first
exon and intron of the Sbe!l gene (-2190 to +228) were fused in-frame to the LUC
reporter gene to make pKLN101. Second, the nopaline synthase (NOS) 3’ sequence in
the pKLN 101 was replaced with the Sbe/ 3’ flanking sequence (399 bp in length),
which contains the translation stop codon and polyadenlylation signal to create
pKLNSI101. Finally, to determine whether an increase in the number of exon/introns
enhances the gene expression, three more exons and introns from the Sbe/ gene were

added to the pKLN101 to make pKLM101 (-2190to +1617).

The results of transient expression assays using the chimeric constructs are
shown in Figure 2.11. Including the DNA sequence (+28 to +228) containing the first
exon and intron into the plasmid pKL 101 dramatically increased the level of LUC
expression. The LUC/GUS activity of pKLN101 was 14-fold higher than that of
pKLI10I. This suggests that the first exon and intron region is required for high level
expression of the Shel gene in maize endosperm cells. At present, however, it is not
known how the region containing the first exon and intron increases gene expression.
Further experiments are necessary to determine whether the increase is the result of

transcriptional or translational effects.
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Replacement of the NOS 3’ end in pKLN101 with the Sbe/ 3’ region did not
have a significant effect on the level of LUC expression, implying that the She/ 3’
untranslated region does not have indispensable control elements. However, it is still
possible that the region may be important for She! gene expression in other cell types or

inductive conditions.

Construct pKLM 101 showed a slight reduction in LUC activity compared to
pKLN101, indicating that additional exons and introns had an adverse effect on LUC
expression in maize endosperm suspension cells. The adverse effect could be explained
by inefficient splicing, resulting from the introduction of multiple copies of the plasmid
into a single cell, or by formation of fusion protein consisting of the 5’-end of SBEI and
luciferase, thus lowering LUC activity. However, it could also be actually due to the

presence of negative cis-elements in the additional region.



Figure 2.10. Schematic diagram of chimeric Sbe! promoter-luciferase constructs.

(A) Numbers indicate distance relative to the She! transcription start site.
Translation initiation starts at a position, + 28. The light grey (stippled) boxes
indicate the She! promoter region. Angled lines indicate exons and introns in the
Shel gene. Open and solid black boxes indicate luciferase (LUC) reporter gene and
nopaline synthase 3" end sequences, respectively. The striped box indicates the
Sbel 3’ flanking sequence.

(B) The junction sequences between the Sbe/ gene and LUC. The BamHI sites
used to join the two genes are underlined. The translation start site of LUC is
indicated by boldface letters.
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Figure 2.11. Effect of exon/introns and 3’ end on the level of
LUC expression driven by the She! promoter.

LUC/GUS ratios of the constructs described in Figure 8 were
calculated as described in Methods. Each value represents the
average of four independent shootings. Error bars indicate
standard errors of the mean.
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2.3.7. 5’ Deletion Analysis

To identify promoter sequences critical for Sbe/ expression in maize endosperm
cells, a series of 5’ deletion mutants were derived from pKLN101 as shown in Figure
2.12. The activity of each 5’ deletion construct is presented in Figure 2.13. Removing
the sequences to -1332 caused a decrease in the level of the LUC expression, while
deletion of an additional 422 bp, to -910, resulted in an increase in the activity of the
construct. This suggests that potential positive and negative distal cis-regulatory
elements may be located in the regions from -2190 to -1332 and from -1332 t0 -910,
respectively. Further deletions down to -315 did not significantly affect the promoter
activity. but a severe reduction in the activity was observed when an additional 169 bp,
to -145, was deleted. The -72 deletion construct produced a level of the LUC activity

slightly over background. showing that the minimal promoter is functional.

To further delimit sequences essential for high level expression of the promoter,
two additional 5° deletions with about 60-bp intervals were created between -315 and -
145. The results are shown in Figure 2.14. A deletion to -255 severely reduced the
expression of the LUC reporter gene, while a further deletion to -196 did not
significantly change promoter strength. This indicates that a very strong positive

regulatory element(s) is present in the 60-bp region between -315 and -255.
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Figure 2.12. Schematic diagram of the 5’ deletion chimeric constructs.

The thick black lines denote the Sbe! promoter sequences. Numbers
at left indicate deletion-end points relative to the transcription
initiation site (+1) of the Sbe/ gene. Light grey (stippled) boxes and
the thin black angled line represent the first exon and intron in the
Sbel gene, respectively. Open boxes indicate the luciferase gene. The
solid black boxes denote the nopaline synthase 3 end sequence.
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Figure 2.13. Effect of 5’ deletions on Sbel promoter activity.

The relative activity values of the constructs described in Figure 2.12
are percentages of pKLN101 level. Each value represents the average

of six to eight independent shootings. Error bars indicate standard
errors of the means.
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Figure 2.14. Further delimitation of cis-regulatory sequences in the Shel promoter.

(A) Schematic diagram of chimeric constructs. Numbers at left indicate deletion-
end points relative to the transcription initiation site (+1) of the Sbel gene. For an
explanation of the other symbols, refer to the legend to Figure 2.12.

(B) Relative LUC activity levels of the constructs shown in (A). Relative activity
values are percentages of construct pKILN105 (-314) level. Each value represents
the average of four independent shootings. Error bars indicate standard errors of the
means.
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2.3.8. Linker-Scan Analysis

Since the 5’ deletion analyses indicated that the region of the She/ promoter from
-314 to -255 is critical for the promoter activity, the 60-bp DNA fragment was further
dissected by oligonucleotide-directed in vitro mutagenesis, as described by Kunkel et al.
(1987). A series of six different substitution mutants, designated pLS1 to pLS6, were

created by altering the wild-type DNA sequence of the She/ promoter at 10-bp intervals.

The mutated constructs were tested for their promoter activity using the transient
assay system, and the results of the experiments are shown in Figure 2.15. Mutations in
the regions from -314 to -305 and -304 to -295, corresponding to pLS-1 and pLS-2,
caused a decrease in the She! promoter activity to 60% and 72% of wild-type
(pKLN105) expression, respectively. The pLS3 construct showed almost the same
level of the LUC expression as the wild-type promoter, suggesting the nucleotides from
-294 to -285 are not important for the promoter activity in maize endosperm cells.
However, mutation in the pLS-4 region (-284 to -275) severely decreased promoter
activity to 40% of the wild-type level. Also, other two mutants, pLS-5 and pLS-6,
resulted in a reduction of the promoter activity to 55% and 50% of the wild-type

promoter, respectively.



Figure 2.15. Linker-scan analyses of the 60-bp region in the She/ promoter.

(A) Schematic diagram of the linker-scan constructs. The numbers indicate
distance relative to the transcription initiation site (+1) of the Shel gene. DNA
sequence of the 60-bp region in the She/ promoter is shown to the right of the
wild-type construct pKLN105. The mutated bases in the linker-scan constructs
are shown in lowercase letters. Dashes represent the unaltered nucleotides.
For an explanation of the other symbols, refer to the legend to Figure 2.12.

(B) Relative LUC activity levels of the constructs shown in (A). The relative
activity values are percentages of construct -314 level. Each value represents

the average of four independent shootings. Error bars indicate standard errors
of the means.
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2.3.9. Proteins Interacting with the She! Promoter

In order to detect a nuclear protein(s) interacting with the 60-bp She! promoter
fragment from -314 to -255, electrophoretic mobility shift assays were performed. The
60-bp fragment was **P end-labeled with Klenow fill-in reaction and then incubated
with nuclear extract prepared from 30 DAP maize kernels (B73). The results are shown
in Figure 2.16. Compared to the control (lane 1), four shifted bands were observed in
lane containing the nuclear extract (lane 2). The intensities of the two upper bands (B1
and B2) were much weaker than those of the lower bands (B3 and B4). The bands
were not detected after inclusion of proteinase K in the binding reaction (lane 7),

indicating the shifted bands represent DNA-protein complexes.

Competition assays were conducted to determine whether or not the complexes
are due to the binding of sequence-specific proteins. Inciuding 10-fold and 100-fold
excess of the unlabeled 60-bp fragment in the binding reaction significantly reduced
formation of the complexes (lane 3 and 4), while the same amount of salmon sperm
DNA, non-specific competitor, failed to compete for binding in the concentration range
tested (lane 5 and 6). Thus, the complexes appear to be the results of sequence-specific

interactions between a nuclear protein(s) and the DNA fragment.
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Figure 2.16. Interaction of nuclear proteins from maize kernels with
the 60-bp She!l promoter fragment from -315 to -255.

The 60-bp fragment was radiolabeled and1 ng of the probe was
incubated with 10 g of crude nuclear proteins prepared from maize
kernels. After 20 min incubation, the samples were electrophoresed
in a 4% polyacrylamide gel at 4°C for 2 hr. The gel was then dried
and autoradiographed at -80°C with an intensifying screen. Lane 1,
control reaction without nuclear extract; lane 2, control reaction
with nuclear extract; lane 3 and 4, 10-fold and 100-fold excess of
the 60-bp unlabeled fragment; lane 5 and 6, 10 ng and 100 ng of
salmon sperm DNA; lane 7, 4 pl of | mg/ml proteinase K. Bands
reduced in mobilities are indicated as B1, B2, B3 and B4.
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2.3.10. Sucrose Effects on She! Gene Expression

The SBEs are expressed in a coordinate fashion with the granule-bound starch
synthase (GBSS) and ADP-glucose pyrophosphorylase during maize endosperm
development (Gao et al., 1996). In addition, the ADP-glucose pyrophosphorylase gene
(AGPase S) from potato and the genes encoding GBSS and SBE in cassava plants were
induced by exogenous supply of sugars (Muller-Rober et al., 1990; Salehuzzaman et
al., 1994). This led us to speculate that the Sbe/ gene in maize may be also regulated by

external sugar concentration.

To test this, maize endosperm suspension cells were incubated in MS media
containing different concentrations of sucrose and their total endogenous RNAs were
analyzed by Northern blot hybridization. Sucrose was used in preference to other
metabolizable sugars, because it is known to be the major sugar unloading from the
pedicel tissue of maize Kernels (Porter et al., 1985). The results are shown in Figure
2.17. Increase in sucrose concentration from 0% to 9% elevated the Sbe/ mRNA level
by two-fold, and at higher concentrations the increase was reduced. Hexoses such as
glucose, fructose and myo-inositol also increased the level of the transcript in a similar
fashion (data not shown). However, glycerol and PEG 200 which have the same
osmotic potential as 9% sucrose solution (263 mM) did not exhibit any effect, indicating
the response is not an osmotic effect but a sugar-specific phenomenon. These results
suggest that expression of the Sbel gene in maize endosperm cells is regulated by sugar

availability like other starch biosynthetic genes.



77

S S
Sucrose % (W/V) 6(5‘9 )
Qs \4
W ©
® C
o|3|6|9|12|15®~\<{<«

Sbe1 mRNA

RL (%) 100 | 148 | 193 (202 | 182 | 132 98 95

26S rRNA

Figure 2.17. Sucrose effect on the Sbe/ mRNA levels in maize
endosperm suspension cells.

Total RNA was extracted from maize endosperm suspension cells
incubated for 24 hr in MS medium supplemented with different
amounts of sucrose, 0% to 15%. As osmotic controls, glycerol and
PEG 200 (263 mM) were used instead of 9% sucrose (263 mM).
RNA gel blots (10 pg per lane) were probed with the 32P-labeled
full-length Sbel cDNA, and were quantified with a PhosphorImager.
The Sbel mRNA levels were calibrated with 26S rRNA levels to
correct for minor loading errors among the lanes. RL indicates the
relative Sbel mRNA level. Each value is percentage of the Sbe!
mRNA level in 0% sucrose.
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In order to determine whether or not expression of the isolated Sbe! gene is
responding to external sucrose concentrations, a gene which is not regulated by sugar
concentration was necessary for an internal control for the transient assay system. Since
a CaMV 35S promoter has been used as a control in other studies investigating sucrose
responsiveness of plant genes, the effect of sucrose on expression of the CaMV 35S

promoter-GUS chimeric gene (pBI221) in maize endosperm cells was first investigated.

The plasmid pBI221 was bombarded into maize endosperm suspension cells

supplemented with 0% sucrose or 9% sucrose media and incubated at 25°C in the dark.

After 48 hr incubation. GUS activity and protein concentration were measured from
each sample to calculate specific GUS activity (data not shown). The resuits showed
that specific GUS activities of 9% sucrose samples were almost 2.5-fold higher than
those of 0% sucrose samples, which is consistent with other reports (Graham et al.,
1994; Grierson et al., 1994). Since similar results were obtained from a ubiquitin
promoter (plasmid pACH18) and -64 CaMV 35S minimal promoter which does not
have an activation sequence (as)-1, a binding site for the transcription factor TGA-la
(Katagiri et al., 1989), it appeared that the elevated levels of expression by the CaMV
35S and ubiquitin promoters in 9% sucrose may be a general phenomenon simply due to
an increase in energy source rather than a sugar-specific effect. Therefore, we reasoned
that if the chimeric construct pKLLN101 (the Sbe! promoter-LUC) is sugar-modulated, it
will further enhance the level of LUC expression beyond the general increase at the

higher sucrose concentration.
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As shown in Figure 2.18, after normalization to GUS activity driven by the
CaMV 35S promoter the plasmid pKLN101 still showed approximately two-fold greater
LUC activity in 9% sucrose media than in 0% sucrose media, which is consistent with
the result of the endogenous RNA analysis. This indicates that the identified She/ gene
is regulated by sugar availability, and the nucleotide sequence containing a 2.2 kb 5°-
flanking region and the first exon/intron of the Sbe! gene is sufficient for conferring the

sugar responsiveness in maize endosperm cells.

Next, to delimit a region(s) necessary for the response, two deletion constructs,
pKLN10S and pKLN106 were also tested in the transient expression system (Figure
2.18). Like pKLN101, pKLN105 (deletion end point -3 14) responded to a high
sucrose concentration (9%) and increased LUC expression by approximately two-fold.
However, pKLN 106 (deletion end point -145) showed similar levels of LUC
expression in both low and high sucrose conditions. These results suggests that the
region between -314 and -145 contains a cis-regulatory element(s) necessary for the

sugar response in maize endosperm cells.
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Figure 2.18. Transient expression analysis showing the sucrose
effect on the Sbe/ promoter-LUC chimeric constructs.

Each construct was bombarded onto the maize endosperm
suspension cells supplemented with 0% (-) sucrose or 9% (+)
sucrose media and incubated for 48 hr at 25°C in the dark.

The relative activity values are percentages of pPKLN101 level in 0%
sucrose. Each value represents the average of three independent
shootings. Error bars indicate standard errors of the means.
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2.3.11. Effect of mEmBP-1 overexpression on the Sbe! Gene Expression

The canonical G-box sequence, CCACGTGG (Giuliano et al. 1988), was also
found in the 5°-flanking sequence of the maize Sbhe!l (-228 to -221) as well as the rice
gene (-170 to -163), suggesting a possible role of the G-box motif in the regulation of
gene expression. It is known that the G-box, a cis-acting DNA regulatory element,
resides in the promoters of many plant genes responding to a variety of different

environmental and physiological stimuli such as ABA, ethylene, methyl jasmonate,

light, anaerobiosis and p-coumaric acid (Menken et al., 1995).

To test whether or not the G-box in the maize Sbe! is interacting with a G-box
binding protein in maize (mEmBP-1) which is a homologue of the wheat EmBP-1
(Guiltinan et al., 1990), EMSA and DNase I footprint analyses were performed with
purified mEmBP-1 protein. The analyses clearly showed that EmBP-1 interacts with the
G-box sequence (data not shown). Since EmBP-1, a member of the basic leucine zipper
(bZIP) transcription factors, is implicated in ABA-induced Em gene expression in wheat
(Guiltinan et al., 1990), the data prompted me to ask two questions: First, is the Sbe/
gene expression regulated by ABA concentration like the wheat Em gene? Second, can
mEmBP-1 protein transactivate the Sbe/ gene expression? The answer to the first

question appears to be no. Transient expression assays failed to show a relationship

between exogenous ABA concentrations (1 to 100 tM) and the Sbe! promoter activity

in the maize endosperm suspension cells (data not shown), suggesting the G-box in the

Sbel promoter is not ABA-responsive.
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To address the second question, a chimeric construct containing the cauliflower
mosic virus (CaMV) 35S promoter fused to the full-length mEMBP-1 cDNA (35S-
mEmBP-1) was created and co-introduced with the plasmid pKLN101(a full-length
Sbel promoter-LUC) into the maize endosperm suspension cells. We predicted
overexpression of mEmBP-1 protein would enhance the LUC expression driven by the
Sbel promoter, since mMEmBP-1 is known as a bZIP transcription activator. Contrary to
the prediction, overexpression of mEmBP-1 protein actually resulted in a significant
reduction (5-fold) of the Sbe! promoter activity as shown in Figure 2.19. The effect
was apparently selective for the Sbe/ promoter, since mMEmBP-1 had little effect on

expression of a LUC reporter gene linked to the ubiquitin promoter (pACH18).
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Figure 2.19 Effect of mEmBP-1 overexpression on the Sbe/ promoter.

4 pg each of reporter plasmid (Sbe! promoter-LUC; pKLN101, or
Ubiquitin-LUC; pACH18) and reference plasmid (CaMV 35S-GUS;
pBI221) were co-precipitated onto gold particles with or without 4 ug
of an effector plasmid (CaMV 35S-mEmBP-1). Maize endosperm
suspension cells were bombarded wiht the goid particles and incubated
at 25°C for 24 hr in the dark. The relative avtivity values are
percentages of the pKLN101 or pACH18 levels without mEmBP-1
overexpression. Each value represents the average of two independent
shootings. Error bars indicate standard errors of the means.
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2.4. Discussion

The expression pattern of the maize She! gene has been thoroughly investigated
in almost all of maize tissues (Gao et al., 1996). The She! gene was constitutively
expressed at a low level in vegetative tissues, while its expression level continued to
change in the kernel during its development. Especially in the endosperm, She/ mRNA
began to accumulate to high levels at the onset of rapid starch deposition. These
findings suggest that the expression of She! is regulated by certain factors which vary in
concentration or activity during the kernel development. Also, since the induced
expression of the Shel gene appeared to be regulated in a coordinate way with that of
other starch biosynthetic genes such as granule-bound starch synthase (Wx) and ADPG
pyrophosphorylase (Sh2 and Br2) (Muller-Rober et al., 1990; Salehuzzaman et al.,
1994), it is possible that these genes share some regulatory mechanisms for their
induced gene expression. Therefore, knowledge of the regulatory mechanisms for one
of the starch biosynthetic genes may be very helpful to understand how the other genes
are controlled in piants. Unfortunately, however, no reports have been published
regarding DNA sequence elements or transcription factors involved in the regulation of

starch biosynthetic gene expression.

As a first step toward understanding the mechanisms regulating maize She/ gene
expression, a maize genomic library was screened with a **P-labeled She/ genomic
PCR product corresponding to the region from 438 to 764 of the maize Sbel cDNA
(Baba et al., 1991). Although 8 individual positive clones were isolated, further
analyses demonstrated that they were all derived from a single locus, suggesting only
one Shel gene might be present in the maize genome. However, comparison of the

band patterns in the genomic Southern blot probed with a full-length Sbe/ cDNA
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(Fisher et al., 1995) with the restriction map of the Shel genomic clone (AS-1-1) clearly

indicated presence of another Sbe! gene which was not isolated by the screening.
Genetic map data confirmed this conclusion, placing Shel genes on both chromosome 6
and 10. This discrepancy between the data can be explained by the results obtained
from the Southern blots probed with two different genomic DNA fragments (Figure
2.9), which suggested the presence of two She! genes with divergent DNA sequences
around the 5’-end of the coding region as well as 5’-flanking region. Since the PCR
genomic fragment located near the 5’-end of the Sbe/ cDNA was used as a probe for the
library screening, it possibly failed to pick up the other Shel gene. However, the
possibility that the second Sbel gene was not amplified during construction of the

genomic library cannot be ruled out.

The complete genomic structure of one maize She/ gene was established by
DNA sequence analysis using one of the positive full-length clones. The gene is
composed of 14 exons and 13 introns, spanning about 5.7 kb in length. Primer
extension analysis revealed a single transcription initiation site at a position 27 bp

upstream of the translation start site (ATG).

Sequence comparison of the maize and rice Sbel (Kawasaki, et al., 1993a)
genomic DNAs revealed common structural features. First of all, both genes are
composed of 14 exons and 13 introns. Second, the placement of all the introns are
identical in both genes, although their sizes and sequences are not conserved. Third, the
exons in general exhibit striking similarity in size and sequence. The major differences
are confined to the terminal exons such as exon 1, 2 and 14, which are mostly not

encoding mature protein. The carboxyl termini of the proteins are most divergent.
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The conservation patterns exhibited by the exons and introns demonstrate that
DNA sequences critical in gene function are evolutionarily conserved. Another
noteworthy feature derived from the sequence comparison is the presence of two highly
conserved regions in the 5’-flanking sequences, suggesting that the regions may have
very important roles in the gene expression. In fact, deletion of the regions resulted in a
decrease in the promoter activity in transient expression assays, indicating that they may
act as distal positive regulatory elements in the Sbe! gene expression in maize

endosperm cells.

Transient expression assays showed the level of the gene expression driven by
the maize Sbe! promoter greatly depends on the presence of the DNA region spanning
the first exon and intron of the maize She/. Although there are many examples of plant
genes which are regulated by DNA sequences within the transcribed region (Callis et al.,
1987; Bruce et al., 1989; McRlroy et al., 1990; Fu et al., 1995), the first exon and
intron sequences of the maize Sh/ gene are one of the best examples studied so far
(Vasil et al., 1985; Maas et al., 1991; Clancy et al., 1994). The Sh/ exon appears to
have two separate cis-elements which act independently to increase gene expression via
different mechanisms. One of the elements may contain a novel promoter element which
has the ability to interact with transcription factors binding upstream. The other acts
possibly at the level of translation efficiency or mRNA stability. The enhancing effect of
the Sh/ intron is likely the result of an increase in the level of mature cytoplasmatic

mRNA level like the maize Adh/ first intron (Callis et al., 1987).
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Overexpression of mEmBP-1 protein, a family of bZIP transcription activators.
actually decreased Shel promoter activity (Figure 2.19). One of the possible
explanations for the unexpected result can be found in the mechanism by which the
human activating transcription factor 3 (ATF3) functions. ATF3, a member of the
mammalian bZIP transcription factors, binds to a consensus DNA sequence
(TGACGTCA) which is important for mediating transcriptional responses to a variety of
signals (Chen et al., 1994). It has been demonstrated that ATF3 represses transcription
when bound to DNA as homodimers, yet it can also form selective heterodimers with
other transcription factors and activates transcription depending on the cellular
conditions. In fact, many of G-box binding proteins in plants can bind to G-box
sequences as homodimers and heterodimers in vitro (Armstrong et al., 1992; Schindler
et al., 1992). Therefore, it is not hard to imagine that mEmBP-1, just like ATF3. may
be able to form heterodimers with new properties distinct from those of the
homodimers. If this is the case, we can assume that the overexpression of mEmBP-|
by the CaMV 35S promoter in maize cells forced the protein to form homodimers,
thereby repressing She/ promoter activity. In conclusion, although a role for the G-box
motif is not yet identified in the She/ gene expression, the above results provide a
possibility that the G-box in the She! promoter may play a critical role in the gene

expression under different environmental conditions or in different tissues.

5’ deletion analysis of the maize Sbe/ promoter revealed several cis-regulatory
elements affecting the promoter activity in maize endosperm cells. Of special interest
was the identification of the 60-bp strong positive element located in the region from -

314 to -255 relative to the transcription initiation site. Further investigation of the region
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using linker-scan analysis identified at least two separate regions, -314 to -295 and -284
to -2535, which are critical for gene expression in maize endosperm cells.

Interestingly, as shown in Figure 2.20, the -314/-295 region has striking
similarity with the sugar-response elements of the potato patatin-1 (Grierson et al.,
1994) and sporamin promoters (Ohta et al., 1991), although it shows a little less
similarity with the sugar-inducible regions of the potato sucrose synthase (Fu et al.,
1995b) and proteinase inhibitor 2 (Kim et al., 1991). This finding along with the sugar
enhanced expression shown in Figure 2.18 strongly suggest that the conserved
sequences may be implicated in mediating sugar responsiveness of the Sbe/ gene.
Since high sucrose concentration media were used for the transient expression assays to
maximize gene expression, it is understandable that mutation of this region decreased the

level of LUC expression.

In potato and cassava plants, sugars have been shown to regulate expression of
genes involved in starch biosynthesis (Muller-Rober et al., 1990; Salehuzzaman et al.,
1994). Our results demonstrate that the maize Sbe! is also modulated by sugar
concentration (Figure 2.17 and Figure 2.18). Such sugar effect was not due to change
in osmotic potential, because glycerol and PEG which are osmotically active did not
affect Sbel gene expression. However, a surprising result was obtained when
mannitol, a non-metabolizable substance, was used as an osmoticum. That is, mannitol
did affect the Sbel gene expression in maize endosperm cells to the same extent as
metabolizable sugars such as sucrose, glucose and fructose (data not shown). A similar
effect was observed in the maize ADPG pyrophosphorylase genes, Sh2 and Br2
(Giroux et al., 1994). Since starch biosynthetic genes in other plants such as potato and
cassava plants were not influenced by mannitol, the mannitol effect seems to be unique

to the maize starch biosynthetic genes.



Sbe1

PS20

SPO

Sus4

PI-1l

-314

-108

-1303

-546

ACATAAAATAAAAAANGGCAA

L LT
L LEETEE

ATTCTTAATACAAAAAG—-AA

L]

TI'ITITAA‘IAAAAA‘IG—AA

IR

GATAATTATTTAAAAAAACAA

89

-294

-151

-1286

-526

Figure 2.20. Sequence comparison of cis-regulatory regions found
in sugar-modulated genes.

The maize Sbel promoter sequence from -314 to -294 was aligned
with the 5° sequences of the potato class I patatin (PS20), sporamin-
A1 (SPO), sucrose synthase (Sus4) and proteinase inhibitor (PI-II)
which are modulated by sugar concentration. The numbers indicate
position of nucleotides from the relevant transcription initiation
sites. The vertical bars and the dots represent conserved nucleotides
among more than and less than four genes, respectively. Dashes
indicate gaps to maximize alignment.
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A possible explanation for this discrepancy is that unlike hexokinases in other
plants, a maize endosperm hexokinase might be capable of phosphorylating mannitol,
thereby triggering sugar-modulated gene expression. Alternatively, mannitol in maize
endosperm cells may be first oxidized to mannose which is then phosphorylated by
hexokinase. Recently, Jang et al. (1997) provided evidence that hexokinase is involved
in sensing sugar concentration in higher plants, and sugar signaling mediated through

hexokinase is uncoupled from sugar metabolism.

The other element present in the region from -284 to -255 includes a CCAAT
sequence. The CCAAT motif is often found in mammalian promoters and is known to
be crucial for basal levels of transcription (McKnight and Tjian, 1986). A multiplicity of
proteins binding to the element was also identified (Dorn et al.. 1987; Chodosh et al.,
1988). In plants, however, the CCAAT sequence is not a common promoter
component, suggesting it may have obtained new functions during plant evolution
(Bucher, 1990). In fact, the CCAAT motif, present in the proximal promoter region (-
132 to -128) of a Lemna gibba Lhcb gene encoding a light-harvesting chlorophyll a/b
protein, was reported to be essential for phytochrome responsiveness (Kehoe et al.,
1994). Interestingly, most of the short conserved segments between the rice and maize
Sbel proximal promoter sequences shown in Figure 2.6(B) are localized within the -
284/-255 region, implying this region may also be involved in expression of the rice

Sbel.
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Chapter 3

MOLECULAR ANALYSIS OF A GENOMIC FRAGMENT CONTAINING
MAIZE (ZEA MAYS L.) STARCH BRANCHING ENZYME GENE IIB

3.1. Introduction

Purification and in vitro enzyme assays of the three isoform of starch branching
enzymes (SBEI. Ila and IIb) in maize endosperm showed that SBEI has lower Km for
amylose and preferentially transfers longer glucan chains than SBEIIa and IIb ( Boyer
and Preiss, 1978: Guan and Preiss, 1993; Takeda et al., 1993). The different catalytic
properties of SBE isoforms led Guan and Preiss (1993) to suggest that SBEIIa and ITb
use the slightly branched polysaccharides produced by SBEI as substrates for further
branch formation. SBEI was also found to be distinct from SBE Ila and IIb in
immunological properties. molecular weight, amino acid composition, and proteolytic
digestive maps. While SBEIIa and IIb did not exhibit significant differences in such
immunological and biochemical properties (Boyer and Preiss, 1978; Fisher and Boyer.
1983: Singh and Preiss, 1985), the report by Takeda et al. (1993) suggested that they
are distinguishable isoforms of SBE. In the branching linkage assay, SBEITa had more

than 2-fold greater specific activity than SBEIIb, and the optimum temperature of

SBEIIa and [Ib are quite different, 25°C and 15-20°C, respectively.
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Among the SBE isoforms in maize endosperm, a partial She! cDNA was first
cloned by screening kernel library with a rabbit antibody raised against SBEI protein
(Baba et al., 1991) . Later, a full-length cDNA clone encoding SBEI was isolated by
Fisher et al. (1995) using a PCR-amplified SBEI genomic fragment as a probe. Cloning
of a gene encoding SBEIIb was reported by two separate laboratories which utilized
different strategies. Fisher et al. (1993) identified a full-length She2b cDNA by probing
a maize endosperm library with the pea rugosus (r) gene which is one of the characters
used by Mendel in his study on the laws of inheritance. The r gene determining the
wrinkled versus round phenotype of mature seeds is known to be a structural gene for
SBEI (Bhattacharyya et al., 1990). Stinard et al. (1993) cloned a dominant mutant allele
of the amylose-extender (ae) locus (Ae-5180) through Mu! transposon tagging.
Sequence comparison of the ae clone with She2b cDNA clearly showed that they are the

same gene, confirming that the SBEIIb is encoded by the Ae gene.

Cloning of the genes encoding SBE isoforms, SBEI, Ila and IIb, in maize
endosperm has made it possible to investigate the genes at the molecular level. Recent
studies showed that these genes are differentially expressed during kernel development
and in various tissues, suggesting that they play distinct roles in starch biosynthesis
(Gao et al., 1996 and 1997). Sbel and 2a are expressed in most maize tissues or organs
including endosperm, embryos, leaf, stem, root and tassel, while Sbe2b is expressed
only in endosperm and embryos as well as tassel. Unlike Sbel and 2b, She2a is more
highly expressed in embryos than in endosperm. Another noteworthy feature is that
Sbel and Sbe2b genes are differentially expressed during kernel development. That is,
the timing of the highest transcript level of Sbe2b comes prior to that of She/ in
developing endosperm and embryos, which may result in changes in the SBEI/SBEIIb
ratio. Since SBEI and IIb have significantly different in vitro catalytic properties as
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mentioned above, such changes in the SBEI/SBEIIb ratio may cause differences in the
starch synthesized during kernel development. During pea embryo development, in
fact, changes in the SBE isoform ratio was accompanied by transition in branch lengths

of amylopectin (Burton et al., 1995).

Therefore, it is important to understand the regulatory mechanisms involved in
expression of SBE isoforms during kernel development for elucidating their relative
roles in starch biosynthesis. In chapter 2, I described the isolation and characterization
of a full-length She! genomic clone containing the entire coding region of She/ as well
as 5'-and 3’-flanking sequences. In that study, it was shown that the maize genome
contains at least two Sbe/ genes, and the complete structure of one of the She/ genes as
well as the promoter regions critical for its expression in maize endosperm cells are

determined.

To gain insight into She2b gene regulation, I now describe the isolation and
characterization of a maize genomic DNA containing this gene. As in the case of the
maize Sbe! gene, the complete genomic organization of the maize Sbhe2b gene is first
established including the transcription initiation site, number of introns and the
polyadenylation site. Then, I demonstrate that a single Sbe2b gene is present in the
maize genome using restriction enzyme maps of the gene and genomic Southern blot
analyses. A series of 5’ deletion analyses reveal possible cis-regulatory elements in the

promoter which control expression of this gene in maize endosperm cells.
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3.2. Materials and Methods

3.2.1. Maize Genomic Library Screening and DNA Sequencing

Using *P-labeled full-length Sbe2b cDNA (Fisher et al., 1993) as probe, the
same library used in chapter 2 was screened according to the methods used in chapter 2.

Phage DNAs were digested with Sall to release the inserts from the EMBL-3 vector.

3.2.2. Primer Extension Analysis

An oligonucleotide, 5’-GATCGGATCGAACTGATCAG-3’, which is
complementary to the sense strand sequence of the Sbe2b cDNA from -35 to - 16 relative
to the translation start site (ATG) was designed and used to locate the transcription

initiation site as described in chapter 2.

3.2.3. Genomic Southern Blot Analysis

A full-length Sbe2b cDNA (Fisher et al., 1993) was used as a probe to

determine the number of She2b genes in the maize genome. For details, refer to the

Methods in chapter 2.
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3.2.4. Construction of Plasmids

For a transcriptional fusion of the Sbe2b promoter to a luciferase (LUC)
reporter gene, a BamHI restriction enzyme site was created just before the translation
initiation site (ATG) of the Sbe2b gene. As shown in Figure 3.1, the DNA sequence
between -14 and +100 of the She2b gene was first amplified via polymerase chain
reaction. Pfu DNA polymerase (Stratagene, La Jolla, CA), which has proofreading
activity, was used to enhance the fidelity of PCR amplification. (Pfu DNA polymerase
was used for all the following PCRs). The 5’ primer (PH-2), 5°-
CCTAATTGTAGCCCTGCAGTCA-3’, is homologous to sequence of the Sbe2b gene
from -10 to +12. A Pstl restriction enzyme site (CTGCAG) is located immediately
downstream of the 5° primer binding region of the She2b promoter, +4 to +9. The 3’
primer (PII-3), 5’-GACTGGATCCTCGCCTTCGCAGCCGGATCG-3’, consists of a
DNA sequence complementary to that of the She2b gene from +80 to +100 and a
BamHI restriction enzyme site (GGATCC) flanked with four random nucleotides
(underlined). The PCR product was digested with Pstl and BamHI, and the resulting
100-bp fragment was ligated to the 2,977-bp Sall-Pstl Sbe2b promoter fragment and
cloned into plasmid pLN cut with Sall and BamHI ( promoterless LUC-NOS gene in
pUC119) (Montgomery et al., 1993), thereby creating plasmid pKL.201. This construct

as well as all the following constructs were verified by DNA sequen<ing.
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Figure 3.1. A schematic diagram of constructing a Sbe2b-LUC chimeric gene.
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To construct a translational fusion of the She2b promoter containing the first
exon and intron to a LUC reporter plasmid. the She2b genomic clone. 3-2-1, was
digested with Xhol and the resulting 866-bp fragment was gel purified. The fragment
was blunt ended by Klenow fill-in DNA synthesis and ligated with BamHI linkers
(CGGGATCCCG). After complete digestion with Pstl and BamHI. the 325-bp DNA
fragment was isolated and used to replace the 100-bp PstI-BamHI region in pKL201.

This construct was designated pKLN201.

A series of 5° deletion mutants were derived from pKL201 using available
restriction enzyme sites and PCR techniques. To create pKL202. pKL203. pKL205
and pKL206. pKL201 was first digested with Accl (-1719 to -1714), Spel (-1128 to -
1123). Xhol (-537 to -532) and Apal (-348 to -343). respectively. Then. each
linearlized plasmid was separately gel purified and blunt ended by Klenow fragment.
After Sall linker ligation. the modified plasmids were digested with Sall. and the larger
DNA fragments from each reaction were isolated and self-ligated to produce the relevant

plasmids carrying different deletion end points.

For a construction of pKL.204, the She2b promoter region between -755 and -
500 was amplified with two primers. The 5° primer containing a Sall (GTCGACQC)
flanked with four extra nucleotides (underlined), 5°-
GAAAGTCGACGAAGAGAGAATGAAAGCGAA-3". and the 3° primer. 5°-
GCGCGGGTCCGTCGTGCCTTTT-3’. were designed to anneal to DNA sequences of
the Sbe2b gene from -755 to -736 and from -521 to 500. respectively. The amplified
266-bp product was digested with Sall and Xhol which was located 10 bp upstream of
the 3" primer binding region, and the resulting 230-bp fragment was used to substitute

the 2.4-kb Sall-Xhol fragment in pKL.201.
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To make pKL207, the She2b promoter region between -160 and +100 was first
amplified with 5° primer. 5’-GATAGTCGACCGACGCGCAACGGCCTGCCT-3".
and 3" primer. 5’-GACTGGATCCTCGCCTTCGCAGCCGGATCG-3". which contain
Sall and BamHI. respectively. along with four arbitrary extra bases (underlined). Next.
the PCR product was gel purified and digested with Sall and BamHI. The resulting
267-bp DNA fragment was then used to replace the 3.1-kb Sall-BamHI fragment in
pKL201. The same 3" primer and method were used for a construction of pKL208
except for the 5° primer, 5-GATCGTCGACCGCTCGTCTCCGTCCTATAT-3".

homologous to the DNA sequence of the She2b gene from -49 to -32.

3.2.5. Transient Expression Assays

Particle Bombardment and Measurement of GUS and LUC activities were

performed according to the method described in chapter 2.



3.3. Results

3.3.1. Cloning and Characterization of the Maize She2b Gene

After screening approximately 3 x 10° plaque-forming units from a genomic
library prepared from maize seedlings (inbred B73). 12 lambda clones that strongly
hybridized to the full-length She2b cDNA probe were isolated. These clones were
further characterized using the N-terminal or C-terminal cDNA as probe: none of them

contained both ends of the Sbe2b cDNA. Since they were initially classified into two

groups based on restriction endonuclease maps. two clones from each group. A3-2-1
and A7-2-1. were selected. subcloned. and sequenced. DNA sequences of the two
clones revealed that the A3-2-1 clone containing the 5°-end of the She2b gene had

approximately 1.5-kb overlapping sequences with the A7-2-1 clone containing the 3'-

end of the gene. suggesting they originated from the same locus. As shown in Figure

3.2. a complete restriction map of the She2b gene was constructed by combining the
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two overlapping genomic clones which turned out to contain the entire coding region of

the gene as well as the 5°- and 3’- flanking sequences.
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Figure 3.2. Genomic structure of the She2b gene.

The complete structure of the Sbe2b gene was constructed using two
overlapping genomic clones: lambda 3-2-1 and 7-2-1 clones. The thick black
lines indicate the 5'- or 3'-flanking sequences of the Sbhe/ gene. The solid
black boxes indicate exons and the open boxes denote introns. The number
represents position of a putative TATA-box relative to the transcription

initiation site (+1).
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3.3.2. Genomic Organization of the Maize Sbe2b Gene

Primer extension analysis was conducted to determine the transcription initiation
site of the She2b gene. As shown in Figure 3.3. a major reverse transcription product
was observed which co-migrated with a G residue in the sequencing ladder. indicating
the transcription initiates mainly at a position which is located 28 bp downstream from a
putative TATA box. The transcription initiation site was numbered +1 in the sequence

shown in Figure 3.4.

The genomic structure of the She2b gene was established by aligning the
sequences of the two overlapping clones with the published sequence of She2b cDNA
(Fisher et al.. 1993). The transcribed region of the gene consists of 22 exons and 21
introns distributed over 15.347 bp in length. Figure 3.2 summarizes the organization of
the maize She2b gene. The cDNA sequence is identical to the corresponding genomic
sequence except for three nucleotides present in exon 4 and exon 6. This may be due to
the different genetic stocks used in the two studies. Table 3.1 shows the sequences
around the exon/intron junctions and a list of putative branch point consensus
sequences. which was derived as described by Brown (1986). As in the maize Sbe/
gene. the introns are relatively AT-rich (67%) compared to the exons (54%). and all of
which have the conserved sequences at their 5° and 3 ends. following the “GT...AG™
rule of plant introns (Brown. 1986). The introns vary in length from 76 bp (intron 4) to
3.051 bp (intron 14). and the exons vary in length from 43 bp to 303 bp. Exon |
contains 100 bp of 5° untranslated DNA sequence. and exon 22 contains the translation
stop codon (TGA) and 3° untranslated region. Although the canonical polyadenylation
signal. AATAAA, was not found in the 3’-end of the gene, a similar sequence

(AATTAAA) was observed 29 bp upstream of the polyadenylation site.
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Figure 3.3. Primer extension analysis of the transcription initiation site
of the She2b gene.

An 32P-end labeled antisense primer was annealed to 10 pg of total
RNA isolated from maize kernels (30 DAP) and extended using
reverse transcriptase. The extended cDNA product was then analyzed
on a 5% sequencing gel (lane P) along with a Sbe2b 5’-flanking
genomic DNA sequencing ladder (G, A, T, C) generated by the same
primer. The number inside the vertical double-headed arrow on the
right refers to distance from TATA-box to the primer extension
product indicated by the horizontal arrow. The sense sequence around
the product is shown on the left and the transcription initiation site is
boxed and assigned +1.
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Figure 3.4. Nucleotide sequence of the She2b gene and 5°- and 3’-flanking regions.

The flanking regions and introns are shown in lowercase letters, while exons are
presented in uppercase letters. The deduced amino acid sequences are shown
below the string of exon sequences. The numbers indicate the distance relative to
the transciption start site (+1) which is indicated by the arrowhead. The consensus
sequences of a putative TATA-box and putative polyadenylation signal are
underlined. The asterisk and dot indicate the stop codon and possible
polyadeylation site. respectively.



ctcgagaattatttttgataattcatcggaccgteattgttecatggtcagtggecacacaagtccggacey
cctecaaaggatagtctttggegtgegegggtgagecaactgt tagetgacgtggcacccaatccagagy
tgcactagactaatccggtgecogtcagegaaggaaagtgtcaaccagaatcctggactcatgacgcaty
aaccgatccagtacccccgcaagtaagctgatatttgacatectttttgeaagaaaggagcaatgactatg
gggtcttttggagctataaaagcacceccatggegacctocttcagaacccaagcactccaagagrgtea
catcactccgactctcttctgtaactcattctagtgatt tagtgagatcaatgegtcatttctgagergt
tettgtgtatgtgtgactttgegettttgtgatcttetectettgagttttgetgetacgttttggtettg
tatttgtaatctctcecctetettgetttgagttgtaactetgatattgtgtacgactgecaagagactet
aaattatggagattccttgcaaacagggatataagtgataaggaaggacgtggcactcaatttcgatett
tggatcacttgagagcggctgattgcaatecttgtegttggcaaccacaacgtgaagtagtcaageattt
taggcttgaccgaaccacgagaaaaatcatogtgtettgtgtgettateccacttgtgatttttctececte
tttctaagtctctcagattcacttgtaatattactcttaatatattatatatettgaaagagcaaacaag
ttgaagatgacttactttcttctictotetatttaaacttggettggtttcactaacttecatttccaga
ccaaacttgtgtttttagtgttgtttttgcagggtcacctattcaceceectectaggtgctctcaagaggt
gttagctatgtttccttaggegtgtggeggtcaccttttcgatagatatgaataagttcgaactttcttt
agaaacaataagtcgcaaattcaacaaagtactaaatgegetatacaacatgtctagtgacgtaattaag
ctaaaggacgaccaatttcgtgagattcaccctagactattggaggtgegtttttggcaacattgtaggg
attgtatagaactatcgatggaagcecactttectgtaatogtacctaggeggcatgtatacgegtecgeaa
aatgtcatggcagtatgegacttegatatgtggtttacctttgecgtgactggttggttgggctecagtte
atgatctgtaggtactacaagagactctcattgeccacgacaacatctttecccatccacctgaaggtaat
gttttgggcgaacaaaaataattgtcacaaatgttataaatttgaatagcattgctaatgaacttgtttt
ggtaatgcatgaatatattacttggtogattecggtcagegtaacaggttgggetactttgeccogtata
agggacaaaagtatcacgttacagaacgacaacatgggagacatccegtagatgagaaaggggtattcaa
ctatgcacattcatccctaagaaatgtcatagageggtcatttgatgtagtttgaaggtgaagtggcagat
cttgettagtceteccatgtttctoggtgeggaagcaataaaaaataattataacttgtatgaccctacat
aactttattagggatagtgctatacacaaccacgacttggaaattttgtgtctgggaagcatgtaactga
tgtaggggtaacagaaactagtagtggaccattaggtgagttagacacgagtgagt ttccagatgacatt
tatgctgcegctagtgacatgacctaccatttgtatttcatagatgtggcatgaacatgtttatgttgtaa
tgttctacgtcagtgecattatgtaattgtgtaattaatttaaggttgocctagtagcaatgaaatacaaa
tctecatcgggatcggagggaattaaggtgaaaatgaacttattttctcteccaaccecttcaatctecgaa
gogggatttgagtttccaaactagatcctaaaagcaagtataataaggtgatgtaggegagetgtaggata
taacacatcagatttgtgatgatatgaaagaaaaaaaatgaagagagaatgaaagegaactgttgetecac
ggactctaagatataatataagaggaagagatgagetaagtattaaatgtataaatatatttttagttag
ttatatatgataggacaatatcataaaactcactttgtgecatatecgttaaacttgetgtagettcacoy
ttaatcgataaaaaatattaaaaaagcatctccegtttgetogactgetogagtgtgcaaaaaaaaagge
acgacggacccegegegetgacgeggtgagecgcaagtccgcaacggegeggccgogegetaggaaaaaag
cctegeccgtgaagegaactecctetecttogaccttogttettecactgeggectgegegaccogtgea
gergegegetecacctggecogegetggggeccacaccgectggcatctggagcat tgecccoggactteg
cgcggccgeccgeagecccgeteccccaccgaaaagegaagegattgecatceccacgecacogogaagea
caaggtcccgecctgeacgatcagcaggacctegecacgecgecgetggagetgegegtgegegtgtgeg
cttggaccgacgegcaacggectgectogacegeccgtgcacgecactgetcatgecageegtecegecteg
ccccogeccogaactgeogaggtogegtgaacgeccacteccctecaccgetegtetecogtgetatatagg
v

TATA-box
cageecgegecectectaattgta GOCCTECAGTCACCCAGRGCAGACCOCEATTIOGCTICTICOSGICG

CIGEEET T M AGCA T TCGC TG T CAG T TOGCA T COGEA TOORGC TEOGAAGGOEAGATGGOGTICOGGGTTT
M A F RV
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-2895
-2825
-2755
-2685
-2615
-2545
-2475
-2405
-2335
-2265
-2195
-2125
-2055
-1985
-1915
-1845
-1775
-1705
-1635
-1565
-1495
-1425
-1355
-1285
-1215
-1145
-1075
-1005
-935
-865
=785
=725
-655
-585
-515
-445
-375
-305
-235
-165
-95
=25

46
116
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CTGEEGAEETECTORETEEEECCGETAAGEECTCOCCCGACTCACCRGOGEOCGEEAGGCETAGTCTAGTCTIT 186

S GAVLGGAVRANPRLTGGG GETGS SULUVETF
COGGCACACCGECCTICTTCTITAACTC gtaatgatectgcaactectecteectectectgatcaagtgtaggg 256
R HTGUL FULT
cctgattegggtetgtatgegagtgttgtggtggtgaactggtgaat tggtgatgcatgecag GGGGIGCT 326
R G A

CRAGTTCRATGT TCGEEEEACECACGEEEECCATGCOCOCCEEOGEECCCCEECCAGEAAAGCGGTCATGGTIC 396

RV GGCSGTHGAMRPERAAARAAARIK- AVMUVY
CTGAGGCCRAGAATGATGGCCTCGCATCAAGGGCTGACTOGGCTCAATTCCAGTCGGATGRACTGGAG gt 466
P EGENDGLAZ SIRAD S AQF Q s DEULE
tcgtcatccactegtcactttecatgeattttatcacataattcacctgaaagtctacatctacatgecatt 536
tctgatttttacctctttttggatgetatttgagaacaatgagacacacgattagtgagatgcccaaacyg 606
gttaaacgttccatggagctccacaagtetgtactgtaccaccatttagagttgtccatacaatecgtett 676
ctgaacatttcogtctetteggcacggttecag GTACCAGACATTICTGAAGAGACAACGTCOGGTIGCTGE 746

vV P DI S EETTCGZAG
TCIGECTERATGCTCAAGCCTTGAACAGAGT TOGAGTGETCOCCCCACCAAGOGATGGACAARAAATATIC 816

V ADAQ@ALNIRVERVYVYV PPUP S DGO KTITF
CAGATTGACCCOCATGTIGCAAGGCTATAAGTACCATCTTGAGTATOG gtatgtattacttgettctactg 886

Q I D PMULOQGYZ KYHLEYR
caccactactgaaacatttcaagacgttccogtctgtcatgatatatataagggtgtgtttggttgggga 956
gtgagggagaataaagtggttccattetaattttctggacgtttagttteccaacaaaataagagtggage 1026
ggctectggatctecatatggaaatttactataagtagttggaacgctceegetccacaaaaacgacgga 1096
tgcgagegcetcetetoeggacgtgagegetetectggetetectoecectetacactcatacggetctcaaac 1166
caaacaaagaatggaatgactccgctctattctogtgacaagattctogtgttatcttaattecttgeata 1236
cttttaggtgcegtttggttggggagecactgggatggageggctecattecagtttctaaaaattgagee 1306
atttcattctgtgtttgacaagcagaacggaaccacttcatttettgtttggttgaagagtagaatagag 1376
cggagcecgetecatttattgtttggttggagagccatatgactgttgegtggaggagagggatgagagey 1446
cttgegtcecgegagagegetogecateguategttttggtggagegagagecatcccaaatatttgetattt 1516
atagactccaggaaccgeteegetetecteccatggtaaccaaacatcaaaaaaataagaatggageegtt 1586
ccattcecccteogetettcaaccaaacacattagtcaggttettcatagtgttgetggaaggtcatatga 1656
atggcttagtcaggttogttttcacttgaaatctttcatactgetttgatgectaaagtattecttatgg 1726
tttcaccaagcattacaattgaacggacaagatatgttctetttecagaggatatttacagaaatgttage 1796
cagacaatatagaggcaacagegggttctaattctttggcaaccttcattteccatecettetgtattett 1866
cttataaggattcctatatataacccatgegaacaccactatccatctcactgtgetttcaacttecttg 1936
aataaaagaacag GTACAGCCTCTATAGRACARATCOCTTCAGACATTGATGAACATGAAGGAGGCTTGGA 2006

Y S LYRRTIWRSDTIUDEHETGGTLE
AGCCTTCTOCCGTAGTTATRRGAAGTTIGRATTTAAT T AGgtattctttaacatgaagtgtttatctt 2076

A F S RS Y EIZ KV FGTFNR

ttatcctatatactagcaaataacttrgtatcttattttecaatgtag CCOCEGAAGCTATCACATATOGA 2146

S A EGITUYR
GRATGETCCTGERAGCATIT gtatgatctttettcaattattctaatcttattgettatcatgatacaa 2216
E W A PG AF

tactagttccatgtttcattatgagaatgatcactctcoccagetacgaagetactcatatttaataaate 2286
ttttaccttcaaaatatatacattgtcagacttagctecctagtgttattcagaattgactectgetttct 2356

atcttag TCTGCAGCATTGCIGEGTRACTICAACAACTGGGATCCAAATGCACGATCGTATGAGCRAA gta 2426

S AALVGDVFDNDNWDUPNADIRMSK
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tgcttatgecttcagtaaacattatatatttcacttattagattggtttgtttatctttttcattaacte 2496
aatatatgtgcactctatttaatcaactttccaaccggaaagtgeatatgttgcattcactggagtcagt 2566
tcctacaattgactctgeatataagtgtgctattagatacttgtgttgetgetgatactettagaagtca 2636
atgtttccaaactgcacatgtgatacctgtattctaatgtctcgatatctttacaaattgecatgttecta 2706
taataggatgaattgaatactcatacttagtgtgcatggacttggagtaggtctaattcttaatgattet 2776
cgaagagttgtttgtttgtaagggttettaccectttatttcttcttaatataataatgatacacaacte 2846
tcttgtatgttagcgaaaaaaaaagaaaacttactgatectegcatagtctaaatcgaggtactttgtte 2916
ttgcag AATGAGTTIGGICT I TCCEAAATTT T ICTGCCTAACAATGCAGATGCTACATCACCTATTCCTC 2986
N EF GVWETIVFULUPNNADGTSU®PTITZP
ATGGATCTCGIGTAAAG gtageegetttacctcattggttgttgttttttgctggggagecatctecaaaa 3056
H G S RV K
ttaactggtgtgttttgaccatatatag GIGAGAATGEGATACTCCATCAGEGATAAAGGATTCAATTCCA 3126
VRMDTU®PS GIZ KDSTIST?®P
GCCTGCGATCAACTACTCAGTCCAGGCCCCAGCAGAAATACCATATGATGGGATTTATTATGATCCTCOCTG 3196
A WII KY S VQAUPGETIUPYDGIUVYVYDU®PTP
AAGAGgtcttectitcoccatattetgtacttacaaattttaaatatacctttgttectactttaggeta 3266
E E
gcaatttgtttcttggaaaataccgtttatttcattctggaatttctttacaccecectttggatecttgy 3336
aattgaattccattctaataatagtaatttaggcaaagatcaattaagctaatatggttttatgtgaaat 3406
atatttgtatactattattagcaatatgtgggggatatttatgtgetacattttactatagaggagtgag 3476
ccgaagagegtcttataatttgecagagtataaacatattatgttgatacataaaattatttctcatacte 3546
caccctatgaatttgagataggettatatcattgetttggaaagtggtaaaatgttaaattccaagetaa 3616
atagactactttattaagtaaattccaattccteccaaaatgaatagatctaaaagageccettagtgtat 3686
ttcagttagtcttattttetgtggatctggattttacttttctcacttgetactaattaagatattttac 3756
atgcatatgeag GTAAAGTATETCTTCAGGCATGOGCAACCTARACGACCAAAATCATIGCOGGATATATG 3826
V RYVFRHAQPE KT RUPI K SILR RTIY
AAACACATGTOGERAATGAGTAGCOCG gtatgtcaccttttecttttgattctttagacactgetaggeat 3896
ETHVGMS s P
atgtaacacceggccactggggacgtogtcaccccagggegagtttttttttgactgetagecacctgea 3966
gttttagttaattataggcttcaacgatatttagatactatcatcttctecacattggtettecttateta 4036
agcgtatgtaatctaagtgtatatatttattttcataaatgttcactttgetactttgttagtgaageca 4106
gcaacatttaattccaagttattotggaattogtttaatgatgttgtettgattgattgattccaatogy 4176
atgtttgaacctctcaaaaatggatgttccaaagggagaatttttacattttcttgcaaaattagtaaca 4246
attttgaactgattaatgtaactttgaatgtcatttetgeteegetatatgtttectatagectcatageat 4316
tatataacatttcaaaacaatattcatatgttgetcatgaatggtcatcaatatgttatatttcttectac 4386
tttagttgatacattttgcttaatatttaaaattaaattcatatttcccacaattactttgagttaaaaa 4456
aaataaacatggcecatagcacagecacagtattgttactgtcaccectacatttgtttctaattgecatac 4526
gattttacatacatgttctttcactgatcattatccttttecggetatcattttgttatettgtttgeac 4596
tagataattgcectgeattetettgtgattag GARACCGAACGATAAACACATATCTAAACTTTAGGGATGAA 4666
E PKINTV YV VNVFIRUDE
GTCCTCOCAAGAATAAA AN T TEEATACAATGCAGTGCAAATAATGGCAATCCAAGAGCACTCATATT 4736
vV L PRI KIEKLGYNAVQIMATIU GQ@EHSY¢Y

ATGGAAGCTTIGG gtaatttecaggatccagttttgtttgtetttttettctatatccactttatacctac 4806
Y G S F G

tggtacctgttgagtgtttgggaacttcatectttcatogecctettttttagtgtcatttcatgectett 4876



tcactgttgettctagtttgatagcattaaatgtacattttggtattgtcttogataatetattgtatte
agatgcatgcatagtaacaagactacacagacatatatgtaacgtegtaacctcaactttatgaacatge
tctgattggattgatgattgcatgatactgtcaatatggcattacagaaactegeaagtatcagtaccaa
tgcttatagtctectgtcataaaaacaagttgtttaggacaagatttagtcaaatcataaaaactacaaa
tatcattatcttttaacttatttagtttgaaagcatgtaagttgacactaaaaaaagcatgtaacttata
tgtgtggaattgtattgaaaaatccttgeaaatetcatgeagtogaaggattaagtggtcaaagatatte
atcaaagaccatgcaatgttgaatcaagtattttgatagtaaggagtacatgtttccaacagecatgaatt
ttgatacagtatccatetgttgagacgacggagatgataccatccatcttaaattttagttcecgaatgat

107

4946
5016
5086
5156
5226
5296
5366
5436

accttttcaattttgacaaacaacatgacaacgtcgatttaatattttgttacttctattgcag ATACCA 5506
Y H

TCTAACTTAAT T T TTIGCGCCAAGTAGTOGT TT ICGTACCCCAGAAGAATTGAAGTCT T TGATTGATAGA.
VvV TNUJFPFAPSS SRVPFGTUPEETLIZ K STLTIUDHR

5576

GCACATGAGCTTGCTITCCTAGTTCTCATGGATGIGGTTCATAG gtaattgataaattetttgttaataa 5646

A HELGLILWVLMDUV VUV H S

ctcatcttectttaatacaagtatcttattgeatagttaaagctaaatttgatgatgtgtaattcatage
tccaagaaaaaggasatacagtaagecttcatgeaaaattgaaacatttaaccctogacttactggacee
gacctgcaactaatctacaacctctacaacatacatcagaagatgagaaataatcgecgtaacataacaa
ttaccctgactaagatatatgacaagtcaaaattttagetgtaatgttcagtgttctaggcttaagettt
aacatcaggaaggaggggaagat tatccaccaagtcccaaatcaagaatattcagaaagaacctgtactg
tcaaagtcectttgatatatgaaaaaactggacatgogtggggtaagacagteccctggeattatattaa
gaagacctcacacaggtcgagaaaacatcegaacogtgecacacccatacacageggeacegtageccat
gtgagaaacgaccgogtcogggaccggacettagatatgtgetttggtatgtgatagatgaggggatttt
tttaaccacagectgaaattogetcccacggtggtagaaacaccteggetgegcagat tataggagtgag
tatcaagttggctggactagegggagegaaggggcegeegtgetgecgeteggetgtgaactcaggtgagt
tgcggaacacaggtgaggcagggaacaatcact tet tagattgatcaatgetteccaattgattacagac
gcctgtgactttatagtccaactctaaacagatecttatctcaggaactctaacagattcttattaaaac
agactccttaatctcaggatctctaaacagactctecttatctaaggatecctectaatectttatctatac
gtcectcetataatgggcogactagagagetgtt taggecacctactataaaccataacacacggggagtc
aaacccaggatctgaggagtgetactcagaccacctaaccaactocggetagaggecctttogecaagecee
tttgatatcagccacccacatcttattttgaagtgettgacatactgttegetgttttttctgetetttt
tggaaccaacttgatcaagtttggeaccaattetgeeatggtettgecattaagccagogatcgaaccaa
cattgagttctttaaaatttagtttaacaaacacttaattttagtttgattcatatttctttcttgaaca
agcaggatagctgtgtatgtttgtattaacagagagaaatgcaaacaacccactttgtettecttaggag
aacaaggggggt tatggctgaggtttagagaaacgtacaatcacctgtaaataggataatatcaatacaa
tgctactttaaactageccetcaacccaacctagtocctagatectggagt ttacaggatcogettgecaa
acgaggccttoctcacccagattectgetecttgtgtgactaagecggtgagaccattcageacatteta
attggttgtgtcttctctagacaaatttgggtcttgactttgeaatccttgeatctggaggccattacge
ccaatgggacagagttgggtttcttetecatggtgggegogetetggcaagatggttceccaagaacatteg
aaaggggttgaacactctttgtattecgatagoctgagaaatttggaatttaggaacttgtgtgtgttca
aagactcccaaccaaatgtacaactccttctacataggataggaagtgagggtettetttggtgtgetge
agggrrgcttgagetectgaataggtogttgtecccagectgetaggtgetggtggecttggt tgteage
ttttgttgttgttttgtgtaaaacctagetggetagetgtttggactagggttgggtcattttgacetta
ttogetgtetttttotttogtaaataaaatgacacgtagetctectgogtogt togagaaaaaaagtact
cgtcagaatagaaaattttactctttgataaactataactacctaatcaagacaagaatataaaatttta
aatattggaaacctatttgtogtggttcaaggttctttggcttecaagetttgggatgagatcgattata
atctgttatgtacaaccttatgattatttgaagctctttggtttcatacctttaactttgettttgtgtt

5716
5786
5856
5926
5996
6066
6136
6206
6276
6346
6416
6486
6556
6626
6696
6766
6836
63906
6976
7046
7116
7186
7256
7326
7396
7466
7536
7606
7676
7746
7816
7886
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acttgeag TCATCOCTCAAGTAATACTCTGRATGECTIGAATGGET T T TGATGGTACAGATACACATTACT 7956
HASSNTILDGILNGT FDGTUDTHY
TTCACAGTGETCCACGTEGCCATCACTGGATCTGCEATICTOCCCTATTTAACTATGCGAACTGGGAA gt 8026
FHSGPURGHHEHWMWD S RILUPFNYGNUWE
acggaacaaaaatgctctatcteccattaattttattetectatttttetgectgtategtteccaacaatt 8096
ttatcegtatgeag GTTITAAGATTICTICTCTOCAATGCTAGATGCTGCCTOGAGGAATATAAGTTIGA 8166
VL RFLLSNARWWILEETYZ KT FTD
TGGTTTCCGTTTIGATGGTCTGACCTCCATGATGTACACTCATCACGGATTACAA gtaatttaagettta 8236
G FRFDGVT SMMYTHUHGTLOQ
tgcctgttagtttatcttcacttgetaagtectgactggaatactggattatgectgggaactagttttgt 8306
ttagtatcatatttgttatatatcattecttcttectaatctaaagtcatgcattttactttag GTAACAT 8376
v T
TTACCGGRAACTTCAATGAGTAT T TTGGCTTTGOCACCRATGTAGATGCAGTGGTTTACTTGATGCTGGET 8446
F TGNVPFNEYVFGFATDVDAVVYVYL MLV
AAATGATCTAATTCATGEGACTTTATCCTGAGGCTGTAACCATIGGTGAAGAT gtaagtgctgagtttget 8516
N DLIHGLYUPEA AVVTTISGTETSD
tgtcatttaatatgaattctogeatatatttgtggaaatatttttgtagtogaagttgettttgtttate 8586
tagacaagatactcctatttggttatgcagaagttaatttgaattttaatacgaagtgcacactaagtta 8656
ctggttaatattgttcttcatttcttcaagtttcagtctatttcaacteccatttataataatgtgettgy 8726
caagttactgttttaattttacattaatacacaatacaacaagatcatgctttacaacatgtgtgtatat 8776
tagataagtagttcatgcacatagagttgctactttttgaagaaacatatagaattacttaaaaggaact 8846
atttgaaatacatgaagaaagttaatggctgaacctatattgtaatggacagaacactagaacttteggg 8916
tttatactgagcctggactataaagaagatttctcttgaagttcaatgagttctogacttaaatattett 8986
tctaaactactgoatggataccaaagacacaaaaaattgaaattgtaagecactctgetettgttttgge 9056
accagatttaatagaatataaataaaaattaataatggggagaagactecccttggattggetttaaaga 9126
gaggagtacagaacccttocccaactcgteccccgaaccaaactttgecaaaatogaggatecgectegtect 9196
gtccccagtgetocttggaaccaaacacatgetgagggaatatactectgggggatggagttatggaceg 9266
gttccaactogtctocgaaccaatgatttcaagtogtccgactaatcgogattagtegggetggteggea 9336
attaggacacgatttgctgggcgactcgactagaagacctagtogtectggtegttegactaategtcga 9406
ctagggcgactagtcgttegagttatgtgtectggtogtecogactagggtttagtttattgggectttt 9476
ttagcccatctacagtctaatttagagtaccctectectetectgttctaacctagecgecaacagtetee 9546
acaacctacacgtctectettctetecteecttggeatgecctgcagtectgaatectgattgeoggega 9616
ctacaccggeoggctacageaccctgogteccetcagagecggecctggacaggtgecggegatgoggccg 9686
caccgggcctocgaaaaccagagggecccteccogtgtatacgtgtatgtgtatatatatagaaaatgtt 9756
tatgtaaattacaacacaaagattgataaaaggccaaagecccatcaacgtacaatatgcatgectgttta 9826
aactcgattacgtacttggettetegtggacgettgagetgeaatectetttgecttectettggaagect 9896
ccgetcatgttgtecaggetacaacaattgttecggeaccagecagtagcagetagcagegacagacgggag 9966
ggatcatcttgtcegttgetetgteatctgeccaaaccaggettgecgegogeegtgectageggtageg 10036
acatggtagcegtgecctgecteggtaact togtcaagtectgetactetactttogttgttcaattttoge 10106
ctcaaaccaatctttactagttaaatgttcttttatttetgagtataggttattttgtgttctgatcace 10176
acattccacatgcatctagtagtgaaaaaggaaaaaaacataaagataagttcaatgcatcgtagtatte 10246
atatttttttggtatttgtgatgaatggggccttaatttttgtetogcacogggecaccaaattctcagy 10316
gceoggecctgogteccctgeccct tetcoogragtectgetogeccgetgeactgetgecagtctecaace 10386
gatggtggctgegagccagtgacgagatgagcatgtcatctgaaagtecttectgetcoccacttctece 10456
cctaaaccctaaataaccctaaaccctaagcaacatgttactttatttatectagttgtttgttctaatt 10526
tatataatgtatacaggtatatttatatatatacctatataagtataactactagtctaggacgaccagg 10596



gaccgactaggggtegactagtegecctagtogtegectaategegactagtegettggtoggteacaga
gttegactaggegactaggegacttgaaatcattgetoccgaaccaaacactcaggatcaccttgtectgt
cctggtggtecttggaaccaaacacacatttagggaagtaatcatctgacctgecaagecacctgggttcat
gcaggtggataggatctcagetagaggetctaccaaccaagttattgttogattctecagttcteatgete
cgttgtgcaatctaatgtaaataaatgtaccaccgtgttgtacgcatataccagegtaatcteccaacaag
ggctgtcatgtggaatcaatagaggtctetgtcataatctgcaacggcaacaaaggacataccaatcttt
aacacgaagagaattaactccttcccatctgtagttagatattagaatattagaattgecatatttttatg
ggttcttgaaggaagtggcaaacctcaatattgaactctaccaacacatgtataatatgaaaaataaagt
tatggtatatttacgagtaaatatttctatgecttataacgggaggaaaaatatcgaattttgatattga
cttaataggacattgtcacgttattgtcaatattaacttatattatggatgtcatcacaaaataactata
ccttttagtttttaaagaaagggtaaaacatacatatatttgtaacgtttcogtecattttecattaaty
tttgattgtttttttctctecttgttgcaacatagtgacatgttigectagtttgacaaaattagggcaaga
tcattggcttacataaaccaataggaaatttgaatttatctaaaataatttgtgagttttettggttart
caaaaattatataacttgttcag CTTAGTGGAATCCCTACATTTGCCCTTCCTGTTCACGATGETGEEGGT
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10666
10736
10806
10876
10946
11016
11086
11156
11226
11296
11366
11436
11506
11576

AGGTTTTGACTATCGGATGCATATGCCTGTGGCTGACAAATGGATTGACCTICTCAA gtaagtgtttcat 11646

G FDYRMHMAYVYVADI KWTIUDTLTLK
atgtatgtggacgatcattattttgttttattgggetgcttatttaaataattattttttttggcataaa
tgttataagtacatacactaatgtttaattgcatgggecatgtgcatatgtattttttgttgtatttgte
accacttttgtggtttactttacatagtcataatgagataatgttttatgcacatttgcatgtggctgeca
cttatgattaacgacacaaaatgtactcogagattgatgtatattttcaaacttgaaactaatgaacacat
atgatatacattgtacactccatgttacaaattataagacgtttttgcatttttagatatatttttttac
tatgtatctagacaaagtgtatatttaagtgcattgcaaaggcaatgcatctagaaaagecaaaatgect
ttgcatttggaacggaaggagtaatattgttgecacaaatcttgaagttttctatgecataggatattgecac
ataccagcaatatatcagtggtgcatatatattttgtataactaacattacaccattcactgtgttcata
tgttttgtgtttaattttctatacaaaaaatctecttgaatetggtactcaaatcatttgtataagetttt
gtttcaaacgggcaacgctctatctgtaatatgecatctgogtaaaagacaagtatgtaattttgtgate
cterggttgtgtggttgteggtgtaaccgggattctttaaccttttatecttettttatataatgataca
caaactctcectgtgogttegagagaaaaaatgecttetgeattcactttgagatatgtggtgagtttcaa
tttctatttaaccgecacag GCARACTCATGAAACT TGRAACATCEGTGATATTGTGCACACACTGACAAA

Q S DETWIZ KMGDTIVHTTLTN
TAGCGAGGTGGT TAGAGAAC TG TG TAACT TATGC TGAAAGTCATGATCAAGCATTAGTOCGOGACAAGACT
R RWUILEIZ KCVTYAES SHDOGQ@ATLUVGIDI KT
ATTGOGTTTIGGTTGATGEACAAS gttaccctactcattaattttettggtgtacttattgogacataga
I 2 F WULMDK
tcatgtttcacgtattgttttttacaatgattaattctatttgtttcttcaagetcaaggtgtattcaty
gttceccacaaaacaaatgttttattaaaagcaaagagttagaacttttgttagttttctttaatttggac
ttgtgtcactgtttctctgtcatgactcatgagecattatagttgcaatttcacctaagtgagttectgtt
tttggacagttcagagtgaactacgacttattgttttaatacttcattgagtttgtagaacaagtattgg
ctetttetecatectatactttcaaaagtaggatttggectttttettecactattetttgaaaaatacat

11716
11786
11856
11526
11996
12066
12136
12206
12276
12346
12416
12486
12556

12626

12696

12966
13036
13106
13176
13246

gtagaaacacggaacaataataaatggtaacatgagaacctcactggttctatttatgecag GATATGTAT 13316

DMY
AT TTCATGEOCCTORATAGACC T TCAACTCCTACCATTGATCGTCGGATAGCAT TACATARACATCGATTA

DFMALUDRPSTUPTTIDURGTIALUHI KMMI

13386
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GACTTATCACAATGGGTTTAGCGAGGAGAGGCCTATCTTAATTTCATGGGAAATGAGT TTGGACATCCTG g 13456
RLITMGILGGEGYILINT FMGNEUTFGHUP
tgagatttaactactttgtttcatttaaccttegttgagtettatagaacagtacctcatccaacaatta 13526
tecttgecaatttatcttttgttagttatattagtgttgaggacttgaggtcattttcttettattattttg 13596
cag AATGGATAGAT T TTCCAAGAGGTCOGCAAAGACT TCCAAGTGGTAAGT TTATTCCAGGGAATAACAA. 13666
EWIUDV FUZPRGPOQIRILUPSGI KU PTIUPGNNN
CAGTTATGACAAATGTCGTCGAAGATTTGACCTG gtaaactttctttgattgtgcaaaagtccaagtttg 13736
S Y DKCIURIRIRUVFDL
tatttacttttaccactgatccagtgetttaatcagcaaggtgecattataatagttecttctttattca 13806
tattagcatgttccagaagtaaaaatattactacctttgtaaaagttttctttaatatatgtegetttgt 13876
ttggtcaataattcgtcattatcggaattgtgttatttttacattgtcag GCTGRATCCAGACTATCTTAG 13946
G DADYTULR
GTATCATGGTATGCAAGAGTTTGATCAGCCAATCCAACATCTTGAGCAAANATATGAA gtatgttctttt 14016
Y HGMOQEVFDQAMOQHTLEGQIKYE
tttacttttttgatttggttctgcaaggtttccacaaacatcatatttgttgtgecattctacttgtaatg 14086
tcattttaaaaaaaatcattcctcagttttactgagettttaagcaatgaaggtttcattatgaattett 14156
tcatgttgcatcaacaactcttaggtattttecatgatcattaatagtactctggagacagcacgecataa 14226
tggtaacgaaaaattttcetgatgaaatttgetgtgtaattgcag TICATGACATCTGATCACCAGTATAT 14296
FMTSDHAGQVYTI
T COCGCERAACATGAGGAGGATAAGG TEATTCTCTTOGAAAACCGAGATTIGGTATTICTGTTCAACTTIC 14366
S R KHEEUDIKVIUVVPFEZ KGDULV VUV FVF FNTF
CACTGCAACAACAGCTATT TTGACTACCGTATTGETTGTOGRAAGCCTGGEGIGTATAAG gtatgcatet 14436
H CNNSYFDVY RTIGCIRIEKPGV VYK
atcttgcatteectatgetcaaagtgcatttcttttcttgataaatgagttagatatacgtactatcatg 14506
ctgcaatttatcaagtgtcattattgatctetttetacggtgaagetaggageagctaagetgttggtgt 14576
cagcaattcatgttgtagttaatttaatttgettgaaaacgtaggacgetagatttggattttteccaatt 14646
tttaggctgcacgagcaggtaaaaggtagcaaaatactagggegecatgtttacatgtataaaaaaaaca 14716
aaacaaaaaagaactaggagttcectgtgacggatagecgeatgetegttetettggegtetectgatattg 14786
gagcacatccegttgttegaaaactagecggagaagtttctcaaaatcccactagoggagatgetgacage 14856
atttgectatttgtaccag GIGETCTTGGACTCOGACGCTGGACTATTIGCTGGATTTAGCAGGATCCATC 14926
vV VL D S§DAGLVFGGFSU RTIH
ACGCACOOERGCACTTCAOOGCC gtaagttttgtggcacgtgatactgetctaggtacgcagatgtecac 14996
HAAEHFTA
ttgttcctgacagaggtgaactaacttetgttatggecattacttgeag GACTCTIOGCATGATAATAGG 15066
D C S HDNR
CATATTCATTCTOGSTTTATACRCCAAGCACGAACATGTGTOGTCTATCGCTCCAGTGERA. GTERATAGOEGG 15136
P Y S F s VY TUPSURTCVVYAUPVE *

GIACTOGTIGC TGO GCE AT IGICEEECTCTCORATGTEAGGRAARAACCTICTTICCAAAACCGECAGAT 15206
GCATGCATGCATGCTACAATAAGGT TCTGATACT T TAATOGATGCTGGRAAAGCCCATGCATCTORCTGOG 15276
TIGICCICTCTATATAT T TAAGACC T TCAAGG TCTCAATTAAACATACAGT TTICGT T T TICOGCTTICCT 15346
° Poly (A) signal

A tgettgatggectgattgtttgcacttgtttcattecgttgggeactgatggtcttagagttagacaat 15416
cggctgcagcgeataggtttcaagetggggagt tgeatgtcogactacagagcagecagecaatgtggece 15486
ctgctgcctgctcetgettacttttaaatgecaccectoccgattacogactcactcagattcagacacge 15556
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Table 3.1. List of introns and sequences of exon/intron borders in the Sbe2b gene.

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

1 ACIC CGTAA..... GIGAA..24..CCXG G&G&G 106 51.9
2 GGG GTIC..... CTGAA..29..CCxG GIAC 244 41.4
3 ATOG CGrAT..... TICAA..21..ACXG GIARC 1086 43.9
4 QCAG GrAT..... ATAAC..24..GTXG O&XG 76 25.0
5 ATTT CGIAT..... TTCAG. .25..TT2 G TCIG 196 31.1
6 CAAA  (GTAT..... CIAAA..22..CCXG AATG 499 33.5
7 AANG CTAG..... TTAAC. .23..ATXG GIRA 81 40.7
8 AN CGICT..... TTAAG..21..GCCAG GIRA 567 30.3
9 s GrAT..... ATAAT..23..TT2ZG @&C 774 32.0
10 TIGG (GrAA..... TTAAT..21..GCAG ATAC 751 33.2
11 ATAG CGTAA..... TTAAC..22..GCXG TCAT 2274 42.3
12 GRA GLAC..... TTITAT..49..GCAG GITT 86 34.9
K ACAA  CGTAA..... CTAAA..19..TTXG GIRA 148 31.1
14 GARA GI'GC..... TTCAA..20..TCAG GIA 3051 41.8
15 TCAA GPAA..... TTCAA..19..AC2ZG GRA 872 31.8
16 QA ETA..... ATGAG..25..GCAGC @A 457 32.6
17 G LG, ... GICAT..21..GCAG AATG 144 30.6
18 CCIG drAA..... ATTAT..28..TCXG QCIG 226 30.1
19 TRA GrAT..... ATGAA..19..CCAG TIA 266 31.2
2 TAN: GTAT..... CIGAC..21..CCA GG 448 40.0
pAR a3 dGraAa..... CTAAC..24..GCAG @T 96 45.8

Consensus sequences between introns are underlined.



3.3.3. Genomic Southern Blot Analysis

Southern blot analyses were performed to determine the number of genes in the
maize genome that are similar to She2b. When blots were probed with the full-length
maize Shel cDNA (Fisher et al., 1993) under high-stringency conditions, at least two
strongly hybridizing bands were observed in each lane as shown in Figure 3.5. The
band patterns agreed with the restriction map of the Sbe2b genomic DNA, suggesting all
the bands were derived from a single genetic locus. Therefore. we concluded that a
single copy of the Sbe2b is present in the maize genome. To confirm this. the blots
were probed with a small fragment of the Sbe2b genomic DNA which does not have any
restriction enzyme sites for BamHI. EcoRI. BglII and HindIII. The result is shown in
in Figure 3.6. As expected. only a single band was observed in every lane. supporting

the conclusion.

3.3.4. Analysis of the 5'-flanking Region of the Sbe2b Gene

To identify the 5’-flanking regions necessary for Sbe2b gene expression, we
utilized a transient expression assay system in maize endosperm suspension cells. In an
initial experiment. a transcriptional chimeric construct containing the She2b gene
fragment between -2964 and +100 linked to a luciferase (LUC) reporter gene in
pUCI119 was created and called pKL201. In the case of maize Sbe/ gene. transient
expression assays demonstrated that the level of LUC expression driven by the Sbe/
promoter greatly depended on the presence of the DNA region spanning the first exon

and intron of the maize Shel.
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Figure 3.5. Southern blot analysis of maize genomic DNA probed
with the full-length She2b cDNA.

Each lane contains 10 pg of maize genomic DNA digested with the
indicated restriction enzymes: B, BamH I; E, EcoR I; Bg. Bgl IT; H,
Hind III. Genomic DNA was prepared from etiolated maize
seedlings (inbred B73). The maize She2b full-length cDNA was
32P-labeled using the random primed DNA labeling kit (Boehringer
Mannheim) and used as a probe. Hybridization and washes were
performed at high-stringency conditions. Arrows indicate the
position of the DNA size markers in kilobases.
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(Kb)

Figure 3.6. Southern blot analysis of maize genomic DNA probed
with the small She2b genomic DNA fragment.

The 326-bp Pstl and Xhol fragment in the maize She2b genomic
DNA was isolated, labeled and used as a probe. Each lane contains
10 pg of maize genomic DNA digested with the indicated restriction
enzymes: B, BamH I; E, EcoR I: Bg, Bgl II: H, Hind III. Genomic
DNA was prepared from etiolated maize seedlings (inbred B73).
Hybridization and washes were performed at high-stringency
conditions. Arrows indicate the position of the DNA size markers
in kilobases.



To test effect of the first exon and intron regions of the maize She2b gene on
gene expression. a translational fusion construct (pKLN201) was created by including
an additional Sbe2b DNA from +101 to +329 into the plasmid pKL201. These
plasmids were then tested by assaying LUC activity that accumulated after introduction
of the DNA into maize endosperm suspension cells by particle bombardment. Plasmid
pBI221 containing the CaMV 35S promoter linked to GUS gene was used as an internal
control to correct for transfection efficiency. The results showed that levels of LUC
expression driven by the two constructs were almost same (data not shown). This
suggested that unlike the maize Shel gene. the first exon and intron region of the She2b

1s not necessary for gene expression in maize endosperm cells.

To define the promoter sequences important for the She2b expression in maize
endosperm cells via transient expression assays. a series of 5° deletion mutants as
shown in Figure 3.7 was derived from the plasmid pKL201 using available restriction
enzyme sites and PCR techniques. The activity of each 5™ deletion construct is
presented in Figure 3.8. Two consecutive deletions of the Sbe2b 5°-flanking sequence
down to -1128 decreased the level of the LUC expression to approximately 40% of the
full-length promoter level. However. the removal of an additional 353 bp. to -775.
restored the LUC activity. This suggests that potent positive and negative distal cis-
regulatory elements may be located in the regions from -2964 to -1129 and from -1128
to -776. respectively. Although further deletions down to -160 did not significantly
change the levels of LUC expression. a dramatic reduction in the promoter strength was
observed when an additional 111 bp, to -49. was deleted. This indicates that a very
strong positive regulatory element(s) is located between -160 and -49. The -49 deletion

construct (pKL.208) still exhibited promoter activity even though it was very low.
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Figure 3.7. Schematic diagram of the 5° deletion chimeric constructs.

-2964

1

16

GCT GOG AAG GOG AGG GAT CCC CAT TCC GGT ACT GIT GGT A2A ATG

L

l

Sbe2b

LuUC

(A) The thick black lines denote the Sbe2b promoter sequences. The numbers at
left indicate deletion-end points relative to the transcription initiation site (+1) of
the She2b gene. The open and stripped boxes indicate luciferase gene and nopaline
synthase 3’ end sequences, respectively.

(B) The junction sequences between the Sbe! gene and LUC. The BamHI site

used to join the two genes is underlined. The translation start site of LUC is
indicated by boldface letters.
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Figure 3.8. Effect of 5’ deletions on Sbe2b promoter activity.

The relative activity values of the constructs described in Figure 3.7
are percentages of pKL201 level. Each value represents the average of

three independent shootings. Error bars indicate standard errors of the
means.
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3.4. Discussion

In this study. we established the complete genomic organization of the maize
Sbe2b gene. which contains 22 exons and 21 introns. Primer extension analysis
demonstrated that transcription mainly initiates at a nucleotide 100 bp upstream of the
translation start site. The consensus TATA-box sequence is located at the appropriate
position, 28 bp upstream from the transcription initiation site. Alignment of the genomic
sequence with the She2b cDNA (Fisher et al.. 1993) revealed that the poly(A) addition
occurs at a position 219 bp downstream of the translation stop codon (TGA). This
indicated that the transcribed region of the She2b is 15.347 bp in length which is almost

three times longer than the She/ gene.

Although the coding regions of the genes Sbhe/ and Sbe2b have approximately
60% similarity in DNA level. the genomic organization of the maize Sbe2b gene was
very different from that of the maize Sbe/ gene. The Sbe2b gene is interrupted with
almost twice as many introns as the Sbe/ gene. and the total length of introns (12.448
bp) of the Sbe2b gene is almost 4.5 times longer than that (2.796 bp) of the Sbe/ gene.
Comparison of their 5°-flanking sequences exhibited little similarity. which possibly
account for different expression patterns between the two genes. The G-box motif

present in the Sbe/ promoter was not found in the corresponding region of the She2b.
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Transient expression assays of the She2b-LUC chimeric constructs in maize
endosperm cells showed that the 5°-flanking 3.0-kb region of the She2b gene has
promoter activity. and unlike the She/ gene. the DNA region containing the first exon
and intron of the She2b gene does not have the ability to increase the level of gene
expression. Among the possible cis-regulatory elements identified by the 5° deletion
analysis. the 122-bp region between -160 and -49 relative to the transcription initiation

site appears to be the most important region for the gene expression in maize endosperm

cells.

Many maize mutants defective in the amylose-extender (ae) locus have been
isolated (Moore and Creech. 1972: Garwood et al., 1976: Hedman and Boyer. 1983:
Stinard et al.. 1993). The typical phenotype of ae maize mutants is a glassy. tarnished
endosperm containing reduced amounts of starch with a higher proportion of amylose
(up to 70%)(Shannon and Garwood. 1984). In addition. the ae mutant synthesize an
amylopectin with a longer than average chain length (fewer branch points) in the
endosperm. Among these mutants. the identification of a dominant mutant allele of the
ae locus (Ae-5180) led to the cloning of Ae gene which is now synonymous with the
Sbe2b gene. Unfortunately. no mutants lacking either SBEI or SBEIIa activity have
been reported so far. Possible explanations for this are that at least two genes encoding
each SBEI and IIa may be present in the maize genome and/or their roles in starch
biosynthesis can be compensated for by other SBE isoforms. In fact. [ demonstrated
that two Sbe/ genes are present in the maize genome (Chapter 2). Gao et al (1997) have

shown that more than one Sbe2a genes are also present.
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Analysis of the ae mutants in maize endosperm demonstrated the importance of
SBEIIb activity in starch biosynthesis. Endosperm extracts from the ae mutant
contained no detectable amounts of SBEIIb, while SBEI and [Ia activities remained
unaltered in the mutant (Boyer and Preiss. 1981: Hedman and Boyer. 1983). Hedman
and Boyer (1982) also demonstrated that as the number of the functional ae alleles
increases. SBEIIb activity increases almost linearly without affecting SBEI and Ila

activities. These findings suggested independent genetic control of SBEIIa and IIb.

Despite these overwhelming genetic data suggesting that SBEIIa and IIb are
encoded by two separate genes. it remained controversial as to whether they are the
products of one or two genes. According to the single-gene hypothesis which mainly
relies on the similanties in immunological and biochemical properties between SBEIla
and IIb. the differences in the two isoforms are the result of posttrancriptional or
posttranslational modification of the Sbe2a/2b transcript or protein (Singh and Preiss.
1985: Preiss. 1991). Recently. however, analysis of ae mutants and cloning of She2a
cDNA provided solid evidence showing that SBEIIa and IIb are encoded by separate
genes in maize endosperm. For example, Fisher et al. (1996) showed that ae-B
endosperm contains a virtually undetectable level of the SBE IIb transcript but has
SBEIIa enzymatic activity. and Gao et al. (1997) has isolated a near full-length She2u

cDNA clone which has a DNA sequence that is distinct from Sbe2b cDNA.

Now. to provide definitive evidence for independent genetic control of the
SBEIIa and Ib in maize endosperm cells. we compared the complete genomic sequence
of the Sbe2b gene to the recently cloned maize Sbe2a cDNA (Gao. et al. 1997). The
result shows that the Sbe2a cDNA is not an alternatively spliced product of the She2b

gene, indicating that maize SBEIla and [Ib are the products of distinct genes.
2 g p g
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Stinard et al. (1993) showed that the Ae-5/80 mutation is associated with two
Mu! insertions flanked by complex rearrangements of ae-related sequences.
[nterestingly. this allele is dominant and appears to affect both SBEIIa and IIb activity
(J. Preiss. personal communication). Due to lack of information on the She2b genomic
structure as well as DNA sequence. however, they were not able to derive a clear
understanding as to the organization of this mutation. As shown in Figure 3.9.
structural data of the She2b gene was applied to published restriction maps of the two
HindIII fragments, 12 kb and 12.5 kb. cloned from the Ae-5/80 mutant. It clearly
shows that both Mu/ insertions occurred in the 5°-flanking region of the She2b gene.
The Mul element in the 12-kb genomic fragment is flanked by inverted repeats of She2b
DNA with a small region of asymmetry (150 bp or less) located immediately next to the
right side of the Mu/ element. Interestingly. the repeated regions contain at least 400-bp
of the Sbe2b proximal promoter sequences which exhibited nearly wild-type
transcriptional activity according to our 5’ deletion analysis (Figure 3.8). It is possible
that the three copies of the promoter region in Ae-3/80 may still be functional. Since
the two HindIII fragments were reported to be tightly linked genetically. there is a
possibility that the Ae-5/80 allele actually produces antisense mRNA of the She2b gene.
This provides a possible molecular mechanism for a dominant gene action of the Ae-
5180 which suppresses the accumulation of the Sbe2b transcript from wild-type Ae
alleles. This also explains why wild-type revertants of the Ae-5/80 were accompanied
with the loss of the 3.0-kb Xhol fragment in the 12-kb clone containing the inverted
promoter regions. but not with the 2.3-kb Xhol fragment in the 12.5-kb clone (Figure
3.9). However. as discussed in Stinard et al.’s report. we cannot rule out the possibility
that the Ae-5/80 actually suppresses in trans the expression of wild-type Ae alleles via a

mechanism that allows related sequences to recognize and interact with each other, and

results in gene silencing.
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Figure 3.9. Structure of the 12.0- and 12.5-kb HindIIl Ae-5/80 fragments
cloned by Stinard et al. (1993).

Exons and introns of the Sbe2b gene are indicated by the solid black boxes
and the open boxes. respectively. The thick black lines denote the She2b
promoter region. The segments representing the 1.4-kb Mu! inserts are

indicated by hatched boxes. The stippled box indicates unidentified region.
The arrows represent directions of the transcription.
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Chapter 4

CONCLUSIONS AND FUTURE STUDIES

Starch is the major form of carbon and energy reserve in plants and provides a
significant portion of the food for the human population of the world. It is also an
important industrial commodity. Although our understanding of starch biosynthesis in
plants has greatly improved over the past three decades. little is known about regulatory
mechanisms controlling the genes involved in starch biosynthesis. In order to better
understand regulation of starch biosynthesis in higher plants, our laboratory has been
working on molecular characterization of the maize genes encoding starch branching
enzymes. Our ultimate goals are to define the individual roles of each isoform of SBE in
starch biosynthesis and to identfy the regulatory DNA elements and transcription factors
involved in their gene expression. Such knowledge will not only establish a basis for
unraveling the regulatory mechanisms of starch biosynthesis. but will also allow us to
generate transgenic plants that might enhance total starch production or produce unique

starches for special industrial purposes.

The Maize Sbe Gene Family

As a step toward these goals. maize genomic fragments containing the entire
coding region of She! and Sbellb. respectively. as well as 57-and 3°-flanking sequences
were first isolated and their genomic structures were completely established. After
determination of the number of Shel and She2b genes in the maize genome. DNA

sequences important for their gene expression in maize endosperm cells were defined.



In order to fully understand the individual roles of each isoform of SBE in starch
biosynthesis, characterization of all the Sbe genes in the maize genome must first be
completed. Therefore, it is necessary to isolate and characterize the second She/ gene.
Since genomic blot analysis clearly displayed the sizes of fragments containing the
second She/ gene in each restriction enzyme digestion, the second gene could be easily
cloned by screening sub-genomic libraries constructed from maize genomic DNA cut
with restriction enzymes, size selected on agarose gels and ligated via linkers into
lambda ZAPII vector. [n addition. genomic clones containing the She2a gene could also
be isolated by screening the maize EMBL-3 genomic library used in this research with a
gene-specific cDNA probe identified by Gao et al. (1997). Once positive clones are
isolated. they can be restriction mapped and sequenced. Also. DNA sequences
important for their expression in maize endosperm cells could be tested by the transient

expression assay system which was developed in this research.

After identification of all of the genes encoding SBE isoforms. a transposon
tagging system could be used to obtain genetic and biochemical data which would
definitively prove the identity and functional importance of each Sbe gene in starch
biosynthesis. In the past. transposon tagging only allowed us to clone genes which
exhibit identifiable mutant phenotypes. However. the Trait Utility System for Corn. a
Mutator (Mu) based system recently developed by Pioneer Hi-Bred International, Inc.
has provided a valuable tool with which we can perform reverse genetics of any cloned

gene.



Downstream Control Element

Addition of the DNA sequence (+28 to +228) containing the first exon and
intron of the She/ gene into the transcriptional chimeric construct (pKL101) increased
reporter gene expression in maize endosperm suspension cells up to 14-fold. Since
such DNA sequences containing transcriptional stimulating effects are useful in
investigations of gene expression in plant cells and for plant genetic engineering, it will
be necessary to determine whether or not the DNA sequence has the ability to increase
gene expression under the control of other promoters. The sequence could be fused to
the ubiquitin or CaMV 35S promoters and then tested by transient expression assays. In
addition. further experiments will be required to answer the following questions. Which
part of the sequence is necessary and sufficient for the increased gene expression? Does
inclusion of multiple tandem copies of the sequence have an additional effect on gene
expression? How does placement and orientation of this sequence effect expression
levels? What is the mechanism responsible for the stimulating effect exerted by the

DNA sequence within the transcribed region?

Sugar Responsive Gene Expression

Northern blot analysis (Figure 2.17) and transient expression assays (Figure
2.18) indicated that expression of the Sbe/ gene in maize endosperm is regulated by
sugar concentration. Therefore. it would be interesting to test whether other Sbe genes
are also sugar-modulated. This could be easily carried out by stripping off the
radioactive probe from the membrane used in Figure 2.17 and then sequentially

hybridizing with gene-specific probes for other Sbe genes.



The 5’-flanking sequences proximal to the protein-coding region of rice and
maize Sbel genes are highly divergent from each other. but both genes contain the
canonical G-box sequence (CCACTGG) which are located in similar positions relative
to the corresponding transcription initiation sites. In addition, co-expression of
mEmBP-1 protein with a reporter gene driven by the She/ promoter showed that
mEmBP-1 protein down-regulates transcription of the She/ promoter in the transient
assay system. Taken together. these findings suggested that the G-box might be
involved in regulation of the She/ gene expression even though 5° deletion analyses
failed to show the importance of G-box in the She/ promoter activity. Since the G-box
is known to be a cis-acting DNA regulatory element present in the promoters of many
plant genes responding to a variety of different environmental and physiological stimuli.
effect of light and plant hormones on the She/ gene expression should be investigated in
the future. Using pKLN101 and a mutant chimeric construct created by substituting the
wild-type G-box sequence in pKLN101 with mutated nucleotides. this investigation can
be carried out via a transient assay system. If the She/ gene responds to a certain factor
(for example. sugar) and the G-box would be implicated in such response. this would
provide a valuable tool with which we can demonstrate involvement of mEmBP-1 or

other G-box binding proteins in a signal transduction pathway.

Recent studies showed that expression of Sbe genes is differentially regulated in
a tissue-specific manner (Gao et al.. 1996): Sbe! and 2a are expressed in both vegetative
and reproductive tissues. while She2b is mainly expressed in endosperm and embryos.
Therefore. it will be very useful and informative if DNA elements involved in the tissue-

specific expression of Sbe genes are discovered. In order to gain this information, the
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Sbe promoter chimeric constructs described in this thesis could used to make transgenic

plants to identify cis-regulatory elements responsible for the tissue-specificity.

All the cis-acting elements identified by the loss-of-function experiments will be
further tested by gain-of-function experiments to confirm the functional significance of
each element. One, two, and three tandem copies of the various DNA elements will be
fused to a -64 CaMV 35S minimal promoter and the gene fusions will be tested for
transcriptional activity using a particle bombardment-mediated transient expression

system.

Using EMSA and DNase [ footprinting (or methylation interference). the
interaction of nuclear proteins with the DNA elements identified above can be tested.
Nuclear extracts will be prepared from various maize tissues such as endosperm
suspension cells incubated in different conditions. leaf and root. The DNA elements
which form specific DNA-protein complexes could be used as probes to clone cDNAs
encoding nuclear proteins involved in the transcriptional regulation of the Sbe genes by
screening maize expression cDNA libraries. Knowledge of the Sbe promoter elements
and their associated regulatory proteins may lead to a better understanding of the
relationships between the regulation of the She genes and of other genes. especially
genes encoding storage proteins in maize endosperm. Giroux et al. (1994) showed that
expression of genes involved in starch and storage protein synthesis of the maize
endosperm are coordinated. Mutations altering synthetic events in one biosynthetic
pathway may affect expression of genes in both pathway. Thus, knowledge gained in
this thesis and in the future may have broad significance to our understanding of plant

biology and to the use of biotechnology for the production of novel plants.
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