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Summary. The sequence of a rice gene encoding a starch
branching enzyme (sbel) shows extreme divergence from
that of the rice gene, that is homologous to bacterial
glycogen branching enzyme (sbe2). shel is expressed
abundantly and specifically in developing seeds and
maximally in the middle stages of seed development. This
expression pattern completely coincides with that of the
waxy gene, which encodes a granule-bound starch syn-
thase. Three G-box motifs and consensus promoter se-
quences are present in the 5 flanking region of shel.
It encodes a putative transit peptide, which is required
for transport into the amyloplast. A 2.2 kb intron (intron
2) precedes the border between the regions encoding the
transit peptide and the mature protein, and contains a
high G/C content with several repeated sequences in its
5 half. Although only a single copy of shel is present
in the rice genome, Southern analysis using intron 2 as
a probe indicates the presence of several homologous
sequences in the rice genome, suggesting that this large
intron and also the transit peptide coding region may
be acquired from another portion of the genome by du-
plication and insertion of the sequence into the gene.

Key words: Gene expression — Nucleotide sequence —
Starch branching enzyme — Rice seed development —
Promoter

Introduction

Starch is synthesized in plants through the combined
activity of several enzymes, including starch synthase
(E.C. 2.4.1.21) which produces amylose, an essentially
linear polysaccharide, and starch branching enzyme (a-
1,4-glucan:  a-14-glucan-6-glucosyltransferase  (E.C.
2.4.1.18), which catalyzes the synthesis of a-1-6 branching
linkages characteristic of amylopectin. The physical
properties of a grain of rice are strongly affected by the
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relative abundance of amylose and amylopectin in that
grain. The amylopectin content of starch granules in rice
endosperm is estimated to be more than 70%.

Several different starch branching enzymes have been
identified in photosynthetic and also in nonphotosyn-
thetic tissues of maize and pea (Boyer and Preiss 1978;
Dang and Boyer 1988; Smith 1988; Smith et al. 1990).
Bhattacharyya et al. (1990) have shown that the wrinkl-
ed-seed character of pea, which was first observed by
Mendel, is caused by lack of a starch branching enzyme.
This enzyme has a high degree of homology to the bacte-
rial glycogen branching enzyme. Three different branch-
ing enzymes (BE-I, BE-I1a, and BE-IIb) have been identi-
fied in the starchy endosperm of maize (Boyer and Preiss
1978). Recently, we cloned the BE-I ¢cDNA from maize,
and found that the deduced amino acid sequence is high-
ly divergent from those of the bacterial branching en-
zymes and the pea enzyme (Baba et al. 1991). This result
suggests that more than two different types of branching
enzymes exist in plant tissues.

We have cloned two genes from rice, shel, and she2,
which correspond to these coding for maize BE-I and
the bacterial enzyme, respectively. In this report, we de-
scribe the structure and expression patterns of the rice
sbel gene. We also present comparisons with the genes
encoding other branching enzymes and discuss the evo-
lutionary implications of these findings.

Materials and methods
Plant DN A, plasmids and rice genomic library

Plasmids pMB9, pRB13, and pWXI5A containing
cDNA clones encoding maize BE-I (Baba et al. 1991),
rice BE-1, and the rice waxy protein, respectively, were
used for hybridization probes. Isolation and character-
ization of the rice cDNAs will be described elsewhere.
The waxy gene encodes a granule-bound starch synthase
expressed in the starchy endosperm (K16sgen et al. 1986).
A rice genomic library was purchased from Clontech



Laboratories (Palo Alto, Calif., USA). Rice (Oryza sativa
L. Japonica, cv. Nipponbare) and Arabidopsis thaliana
(Columbia) genomic DNAs were prepared from leaves
according to Rogers and Bendich (1985).

Southern blot hybridization

Plant genomic DNA was separated on 0.8% agarose
gels, then blotted onto nylon membranes (Hybond-N,
Amersham, UK) after digestion with a series of restric-
tion enzymes. DNA probes were prepared from pRB13.
Hybridization was carried out according to the proce-
dure described by Ausubel et al. (1987). Positive bands
were detected using a BAS2000 Bio-image Analyzer
(Fuji Photo Film Co. Ltd., Tokyo).

Isolation of genomic DNA encoding the rice branching
enzyme

Phage clones containing DNA fragments encoding the
branching enzyme were identified in a rice genomic libr-
ary by plaque hybridization with the maize BE-I cDNA.
Plaque hybridization was carried out according to Ben-
ton and Davis (1977). A physical map of the lambda
clone was made with Sall and EcoR1. The Sall fragments
and the overlapping EcoRI fragments from the clone
were subcloned into pBR322 or pUC1109.

Isolation by PCR of a genomic fragment homologous to
a gene encoding a bacterial branching enzyme

The polymere chain reaction (PCR) was carried out ac-
cording to Innis and Gelfand (1990). Three forward PCR
primers: Bl, AGTTCAATTATTGGGATGG; B2,
GGATTTGGGAGTTCTTTAT; B4, GATGGTTCCT-
GGGGTTATCA, and two reverse primers: B7, AG-
CATCCAGCCTAAGTTCCA and B8, TGCCATGCA-
TCACCTGGCAT, were synthesized using a DNA syn-
thesizer (Applied Biosystems, Foster, Calif., USA). The
amplified fragment was cloned into the Hincll site of
pUCI118 after blunting the ends of the fragment using
the Klenow enzyme.

Nucleotide sequence analysis

The dideoxy chain-termination method (Sanger et al.
1977) was used for nucleotide sequence determination
in pUCI118/119 (Takara Shuzo Co. Kyoto, Japan) and
in the Bluescript vectors (Stratagene, La Jolla, Calif,
USA). Computer-aided analysis of the nucleotide se-
quences was carried out using GENETYX program
(Software Development Co., Tokyo).

Northern blot analysis

Developing rice seeds were harvested daily between 3
and 30 days after flowering. Leaves, stems, and roots
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collected from mature plants were stored at — 80 °C im-
mediately after being frozen in liquid nitrogen. Total
RNA was extracted from each of these tissues by pre-
viously described methods (Baba et al. 1991). After elec-
trophoresis of RNA samples on formaldehyde agarose
gels (up to 1.1% formaldehyde), Northern blot analysis
was carried out on a nylon membrane (Hybond-N,
Amerhsam). The hybridization conditions were accord-
ing to the method described of Ausubel et al. (1987).

Results
Number of genes encoding the rice branching enzyme

The number of genes in the rice genome that show ho-
mology to BE-I was determined by Southern blot analy-
sis with the rice BE-I ¢cDNA. As shown in Fig. 1, only
one or very few genomic fragments hybridized to the
BE-I ¢cDNA. Since the cDNA contains several EcoRI
and BamHI sites, we expected to find several fragments
in genomic digests with these enzymes. When a short
fragment prepared from either end of the cDNA was
used as the hybridization probe, only a single positive
band was obtained after digestion with any of these en-
zymes. All these bands corresponded to those predicted
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Fig. 1. Southern blot analysis of genomic rice DNA. Lane 1 con-
tains lambda DNA digested with HindIII as size markers. The
remaining lanes contain rice genomic DNA digested with: lane
2, BamHI; lane 3, Bg/II; lane 4, Dral; lane 5, EcoRI; lane 6, EcoRV;
and lane 7, HindIll, respectively. The rice BE-I ¢cDNA was used
as a probe, and was prepared by partial digestion with EcoRI
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B 3010 3020 3030 3040 3050 3080 3070 3080 3090 3100
AACAGTGTCAGCATAGAAATCTCATTACCTTTCGCTTTTGTCTTGTATTATGATTTACAGGAATTCGGTT TGTATTTATTTGCGTCTGGAAAAAGAAAAG
3110 3120 3130 3140 3150 3160 3170 3180 3190 3200
GAAGGAGAGACACGTGAAGGCCCATGGCAATTGGCCAAAGGCTCCTGGGCACCTCCTGGCCGTCCACGTCGCAGGTGTCCACGTCAGCACTTTGGCTTTG
3210 3220 3230 3240 3250 3260 3270 3280 3280 3300
TTTTCTCCTTTTTTTTTCTCCCAATTTTCACTCCACTGCTGCACAAGCTTTTCCGTGCTTCCTCGCCGCCTCCGGCCTCCGCTCCGGCGCTATAAATCGE
=2 it 228
3310 3320 3330 3340 23350 3380 3370 3380 3380 3400

CGCCGATTTCGAAGCTGTGGAAATGGGAGTCGCCTCCACGGCCACCGACATCCGCCGCAATGCTGTGTCTCACCTCCTCTTCCTCCTCCGCGCCCGCTCC
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3410 3420 3430 3440 3450 3480 3470 3480 3490 3500
GCTCCTTCCCTCTCTCGCTGATCGACCGAGCCCGGGAATCGCGGTCAGTCAATATATAGAAACTTCTATATATGATATGATTAGTTTTCCCTCTCTCTCT Intron 1
L L P S L A DI RUP S P G I A

3510 3520 3530 3540 3550 3560 3570 3580 3590 3600
TGTTTTGTTAGGTGTTTGGGTTATTGATGGTGTGGTGGTCCGCAGGGCGGGGGTGGCAATGTTCGCCTGAGCGTGGTTTCTTCGCCGCGCCGGTCGTGGC
G 6 G G N VRL SV V S S PRU RS W P

3610 3820 36830 3640 3850 3660 3670 3680 3690 3700
CTGGAAAGGTAAGATACTGTTGCAGGATATCTATCGAATTAGGAATTTGATGATGGTGATAATTAATTGTGGGGAAAACAAGTAAGTCTGAATTTCTTTG
G K

3710 3720 3730 3740 3750 3760 3770 3780 3790 3800
GCCACAGGCGACAGCCCCAAAACCCCGACACCCCACCGCCGACCACCTCGCCGCCEGCCACCGCTCCCCTTTGCCGCCGTCGE

3840 3850 3860 3870 3880 3890 3900
TCTCCCGTCCTTCTCCTAGCCTCCCTCCTCTCTCTCTCTCTCTCAATACTTTTTTCTACCTTTCATACTACCTTCCATGTTCTTGTTCCGAATCTGGGTT

3920 3930 3940 3950 3960 3970 3880 3990 4000
CCCAAGCCGCTGATGCGCCCCTTCCCTGATTCTTCTGATGGAACTAGGGGAGGCTGTGTGGCCATTTTTCCCGTTGGAGGGTTTCGTCTAGATCTGTCGG

4010 4020 4030 4040 40 4070 4080 4080 4100

4110 4120 4130 4140 4150 4160 4170 4180 . 4190 4200
ACGGTGTGTGCTGGCTGGTAGCGAGGATGGTTTTAGGGTGTTGGGCGAAAGCTCTGTCCGACTCATAGCCGGCCTGACGGCGATGAACGTCCTTGGACAT

4210 4220 4230 4240 4250 42860 4270 4280 4290 4300
CATGCAATGCCCCTCCTGGAGGCGTCGTCGCAAGAGCATCTCCAGTAGAGACCCTAAATACAATTCCTAAACAGTTTTTAGGTGCTAAGGACAAAAAATA

4320 4340 4350 380 4370 4380 4380 4400
AACTCCAGCAAAACCCATACTACAGGTCCTAAAATAGGAAGGACCTCAAATACCCCTCCGCAGTCCCTAGGCCTGGGGGCTGTAGACCGAGGCCCTATCG
4410 4420 4430 4440 4450 44860 480 44890 4500
CCGTTTTTCTACGCGGGAGGAAAT’I"I’CCTGACGTGTGGTGTCTGTCTTCCCTCCCGCGGAATCGCTGCCACGGCGCCGATCTTCGCCAGCTCGCTGTTCC
4510 4520 4530 4540 4550 4560 4570 4580 4580 4800
GCCGCTCGTGGCCGACGGTGCGACCATCCAGTACCTCCACCGGCCACTGCTTGTCGTCCGCGTGCCCACTTGCTTGTTTTTTCGTGGTCCTTGATCAGTT

4810 4620 4630 4640 4850 4660 4870 4680 4880 4700
CGCACACTGATGCACTATATGGTAGACAAGAATGTTCTGAAATTCATGACCATCAGAAACATGTTCTAAACAATCCTGCTCTCGATTGGTTTATGGCTAA

710 4720 4730 4740 4750 4780 4770 4780 4790 4800
CTGTGGTTCTAAACGATCATGGCATAAAAATTATTGTTCTGTTCCTTTAAAGTTTGTGGTGCTTGGTAGGTTGAGACAATTAGGCTGCTTGCAATTATGC

4810 4820 4830 4840 4850 4880 4870 4880 4880 4800
AGTAGTTCCTTCAAAGATTATTCTGCAGTGTTGTTCTTTTGTGTCAGTTGTGAGTTGAAGTTTAACTTCAAGGTTTTTTTTTTCTAGGAGGATTTAAGCT

810 4920 4830 4940 4850 4880 4870 4980 4990 5000
CTTTCTGAAGTTTCTCAGATAGATTAGATTGGAAAAGGTATAGAGTTAATTTTATCTATTGATTATAGTTCTTATTTAATTGAACTACGTAGTGTCTTGA

5010 5020 5030 5040 5050 5060 5070 5080 5080 5100
ATACTTGCCGGTAGGATTTCACTCCCATGTTTGAGAATTTTGAATTTGAATTATGGTATTTAAAATTATGGATTTGAATACAATTGAATTCTATACATTA

5110 5120 5130 5140 5150 5160 5170 5180 5190 5200
GAAATATTCGTATTTGAATTATTACTATGTTAAACTAGGTGTAAGCATAGAGTATAATCAGAAATACAAGAGAAAAAGAAATGGGGGCTAAGAAATAGGG

5210 5220 5230 5240 5250 5280 5270 5280 5290 5300
TCTGCTGGTAGAGTTGGAGGTAATTTTTGAATTCTTAGAAAATAGGGACAGCCCTCATTCAACCTTTGAGGACTCTAAAATAGGGACTACTGCTGGAGAT

310 5320 5330 5340 5350 5360 5370 5380 5390 5400
GCTCTAACACCCTGTTCCCCCTTGCTGCTGGGTGAAAACCCTTTCCAGTCTCCTGTTTATGCGATGGTGGCGTCCTTTCCGACGTCGTCACCTTCTTCAA

5410 5420 5430 5440 5450 5460 5470 5480 5480 5500
GGCATCGTTTTTGGAGAAACCCTGCAACCAGTCCCCCTGCTTTCCCATCCTTCTCCCCTATTCCATCCCCTCCTCCTCCCCTTTTCTTCTGTCAAGGGET

5510 5520 5530 5540 560 557 580 5580
CCTATGCTTGGAAACTCTCATGTATCTCTTCTCTGTAATATATTCAGGTGGGGAAATGTTGGATTTTTATTGATTGGAATACTGTATTGGGTCATCTCGG

5810 5620 5630 5640 5650 5660 5870 5880 5690 5700
TGACACCAAAGCTGTACTTTGGTGGAGTAGCAATCTTTGCCCTTATTGACCGGATAGGATTTTGGTTAAATTTATCTACGTTTTTGTTTGCGGTTCATCT

5710 5720 5730 50 760 5780
TTTTTCC’I‘ACCAGTCTTATACAAGATGGTACAGTTTAG€AATGATTGTTACATTGCAATATATAAATCGAAGTGATAGAAGCCACCTCAAGTAAATCTAA

5810 5820 5830 5840 5850 5860 5870 5880 5890 5900
CTATTGTTCATAATTCAAAGGTCAAGACCAATTTCTCAGTTCCTGCGACTGCGCGAAAAAACAAAACCATGGTGACTGTTGTGGAGGAGGTCGACCACCT
v X T N F § V P A T A, R K N K 6T ¥,V T V V E E V D H L

5810 5920 5930 5940 5950 4} 5980 * 5970 5980 5990 6000
TCCTATATATGATCTGGACCCTAAGTTGGAGGAATTCAAGGATCACTTCAACTATAGGATAAAAAGATACCTCGACCAGAAATGCCTGATTGAAAAACAT
P I Y DL D P K L E E F K D F Y R I K R Y L b Q K C L E K H



Table 1. List of introns and sequence of exon/intron borders
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Intron exon/ intron /exon GC
number content
(%)
(bp)
1 GAATCGCG GTCAGTCA. . . .. . GTCCGCAG GGCGGGRG 36.2
2 CTGGAAAG GTAAGATA. .. 2196. . . ATTCAAAG GTCAAGAC 457
3 TTCTAAAG GTTAAGTT. . . .. .. TTTTGTAG GOTATTTG 33.0
4 GOTGCACA GTAAGTTC. . . . .. GCATATAG AGAAGCAC 357
5 TGTGAAAG GTCCTCTA. . . . . . CCTTACAG GTACGTGT 38.8
6 ATGATCAG GTATATAG. . . . .. TTTTTCAG TCCATTGT 34.9
7 TCCAAAAG GTTATTTT. . . . .. TATTTCAG ATGATTCA 35.7
8 GOAATGAG GTAATATC. . . . .. TCTTTTAG TTTGGCCA 359
9 GATACAAG GTTGTGCC. . . . .. TTGAACAG TATATGAA 36.3
10 AAGATAAG GTAATGGC. . . . .. CTTTTCAG GTTATTGT 363
11 TACAAGGG GTAACTAA. . . .. . ATGTGCAG TTACAAAG 30.8
12 ATGGAAGA GTAAGCAG. . . . .. TACCACAG GTTGGCCA 38.5
13 COTGTGTG GTAAAGTC. . . .. 66. .. ACTATCAG GCTTACTA 36.6

Consensus sequences in the 5" and 3’ end of introns are underlined

from the genomic sequence which is to be described else-
where. Therefore, it appears that all these signals were
derived from a single genetic locus, indicating that a
single copy of the BE-I gene is present in the rice genome.

Isolation and analysis of a rice BE-I genomic clone

Thirteen positive phage plaques were obtained from a
rice genomic library after screening with the maize BE-I
¢DNA. The physical maps of the genomic inserts indicat-
ed that they were all derived from a single genetic locus,
consistent with the findings of genomic Southern blot
analysis. We designated this gene sbel. Figure 2A shows
that the sbel promoter and coding region lie within three
Sall fragments of 8.1 kb, 3.2 kb, and 6.1 kb.

Structure of sbel

The region of the rice genome containing sbel (12152 bp)
was sequenced. The entire sbel gene is approximately

Fig. 2A, B. Structure of the rice shel gene. A Physical map of the
area around the rice sbel gene. The sbel gene and ORF86 are
boxed. Exons and introns in the gene are indicated by hatched
boxes and open boxes, respectively; the exons are numbered consecu-
tively from the ATG initiation codon. A shaded box indicates
ORF86. The coding region for the mature protein is depicted by
a bent arrow. The vertical arrow indicates the position of the TATA
sequence. B Nucleotide sequence of 5’ portion of sbel. The protein
coding regions are boxed and delineated by amino acid sequences
below the nucleotide sequence. Putative CAAT and TATA se-
quences are double underlined and G-box like sequences are indicat-
ed by wavy lines. Direct and inverted repeat sequences are shown
by arrows. Pyrimidine-rich sequences lying in the 2nd intron are
indicated by broken underlines. A putative processing site for the
transit peptide is depicted by an open vertical arrow, and the N-
terminus of the mature proteins are shown by closed vertical arrows.
The ATG codon near the border between the transit peptide coding
region and the mature protein coding region is boxed

8.5kb in length. Alignment with the cDNA sequence
shows that the gene is comprised of 14 exons and 13
introns (Fig. 2A). The ¢cDNA sequence is identical to
the corresponding genomic sequence. The borders be-
tween exons and introns were confirmed by comparison
with the cDNA and are shown in Table 1. The consensus
sequences, GT and AG, were found at 5 and 3’ ends
of all introns, following the “GT...AG” rule of the euk-
aryotic introns proposed by Breathnach and Chambon
(1981). G/C content in the introns ranged between 30
and 40% except for intron 2, which had a G/C content
of 45.7%. This is slightly higher than the G/C content
of the cDNA (45.4%).

Introns 1 and 2 occur in the transit peptide-encoding
region of sbel. Intron 2 is the largest (2212 bp) and,
in addition to its high G/C content, has a number of
peculiar features. Figure 2B shows that this intron con-
tains several direct as well as inverted repeat sequences
and that stable secondary structures can occur in the
5" half of the intron. The 3’ half of the intron is AT-rich,
such that the G/C content of the 3’ half of the intron
is less than 37.3%, whereas the G/C content of the 5'
half of the intron is more than 54.2%. Pyrimidine-rich
sequences occur in both regions of the intron (Fig. 2B).
Several fragments of the rice genome apart from the shel
gene hybridized to a fragment of intron 2 in genomic
Southern experiments (Fig. 3). This result indicates that
although the rice genome comntains only a single sbel
gene, it contains several regions with homology to intron
2 of this gene.

The sbel promoter region

As shown in Fig. 2B, sequences that are similar to the
TATA and CAAT boxes, and are identical to consensus
promoter sequence, are present in the 5 flanking region
of sbel. Primer extension analysis indicated that tran-
scription started from a position located 32 bp down-
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Fig. 3. Southern blot analysis of the rice genome with intron 2
of shel. Lane 1 contains lambda DNA digested with HindIII as
size markers. The other lanes contain rice genomic DNA digested
with: lane 2, BamHI; lanc 3, Bglll; lane 4, Dral; lane 5, EcoRI;
lane 6, EcoRV; and lane 7, HindIIl. Bands predicted from the
nucleotide sequence of sbel are indicated by stars. A fragment con-
taining the entire region of intron 2, which was prepared by poly-
merase chain reaction, was used as a probe

stream from the TATA sequence (data not shown).
Therefore, this TATA sequence may be a functional ele-
ment of the shel promoter, The GC-rich repeated se-
quences, TCGCCGCC and CTCCGGC are also present
near the TATA sequence. Upstream of the CAAT se-
quence, a G-box motif sequence is repeated. The second
of these is completely identical to the consensus G-box
sequence, CCACGTGGC (Giuliano etal. 1988; see
Fig. 2B). An open reading frame, ORF86, is present in
the region upstream of shel (Fig. 2A). Northern blot

Genes Deduced amino acid sequence

Rice sbhe2

analysis revealed that a 1.5 kb mRNA was independent-
ly transcribed from this region at early stages of seed
development (data not shown).

Cloning of a homologue of a bacterial branching enzyme
gene

The genes encoding starch branching enzymes have been
cloned from pea and potato (Bhattacharyya et al. 1990;
KoBmann et al. 1991) and share homology with the
genes encoding bacterial branching enzymes (Baecker
et al. 1986; Kiel et al. 1990). The corresponding sequence
was isolated from rice via PCR using primers based upon
the amino acid sequences of the bacterial branching en-
zymes. Initially, several different primers were synthe-
sized and PCRs were carried out using various combina-
tions of these primers. Of these, only one pair of primers,
B4 and B7, efficiently amplified a specific 0.6 kb fragment
in both the rice and Arabidopsis genomes. The nucleotide
sequences of these amplified fragments from rice and
Arabidopsis were analyzed and compared with each
other. The rice fragment shares 64% homology with the
Arabidopsis gene, and is also 62% homologous to the
Escherichia coli branching enzyme gene. Despite the high
degree of homology between this rice branching enzyme
gene and the genes in E. coli and Arabidopsis, there is
very little homology between this rice branching enzyme
gene and shel. This result indicates that at least two
very different branching enyzme genes, and probably
more, are present in the rice genome. We have designated
the gene homologous to that for the bacterial branching
enzyme sbe2.

Comparison of the branching enzyme genes

The deduced amino acid sequences of the sbel and she2
genes were compared with those of the bacterial branch-
ing enzymes. As shown in Fig. 4, the she2 gene products
from rice and Arabidopsis are highly conserved with re-
spect to the bacterial genes, suggesting that they are simi-
lar to the pea branching enzyme. In contrast, the only
region of homology shared between the sbel gene prod-
uct and the E. coli branching enzyme lies in the central
region. The total homology between them is less than
25%, while the level of homology between shel and she2
gene products is even lower.

YGRNEVRSFLISNAYYWLKEFHIDG-LRVDAVASMLYLDYSRKDGEWLPNAYG

Arabidopsis sbe2 .T.N..HGYM.AS.LHC.KH..... PTMN........ R..... A...V..RH Fﬁg.4.Ahgnnwntsofthesbedeneprod-

Synechococcus glgB YG.H..RNFLA.N. .FWFDKY....-IR-........ L..N..E...I..EY. ucm1}on1ﬂceand4Aramdopﬂswhhthe

E.coli glgB ...R..S...VG..LY.IERFG..A-L.V......I.R..8......I...F.  Sypechococcus and Escherichia coli glyco-
3l30 410 gen branching enzymes. Amino acid resi-

Rice sbe2

Arabidopsis sbe2  ..... EA.D..RH..-D..D.LET..A.V....

....I..A....QV.-HLIFS-YF....S..... S..M..WP.YV..L.FN.
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Synechococcus glgB

E.coli glgB
|
430 450

GRENLDVIEFLKQLNVMVDGE-RFPGVTIAEESTAQPAVSRPVYAGGL
-...G..OSTQQ. . PGLFL

dues identical to the corresponding resi-
dues in rice sbe2 are indicated by dots.
Hyphens indicate points were a sequence
has been shifted to maximize homology.
Numbers at the bottom of the sequences
indicate the amino acid residue number
470 in the E. coli enzyme
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Fig. 5A-C. Northern blot analysis of the shel gene. A Tissue-specif-
ic expression of the sbel gene. Lanes 1-4 contain 20 ug of total
RNA isolated from developing seeds, leaves, stems, and roots, re-
spectively. These were probed with the entire shel cDNA, prepared
as described in Fig. 1. B Expression of shel during seed develop-
ment. Each lane contains 10 ug of the total RNA isolated from
seeds 3-30 days after flowering. The probe used was the same as
in A. C Expression of the rice waxy gene during seed development.
RNA was isolated and blotted as in B. The waxy ¢cDNA was used
as a probe. The numbers above the lanes in B and C indicate the
number of days after flowering. The numbers to the left in A-C
indicate the size of the mRNA detected

Tissue specificity of sbel gene expression

Northern blot analysis was performed to determine the
tissue-specific expression of sbel in rice. A 2.8 kb mRNA
corresponding to the full-length sbhel-cDNA was de-
tected in all organs tested. Extremely strong signals were
obtained from the developing seeds. Signals approxi-
mately twentyfold weaker than those observed in seeds
were found in leaves and stems, and far less in the roots
(Fig. 5A). In addition to the 2.8 kb mRNA, mRNAs of
2.0, and 1.6 kb were also present in developing seeds
(Fig. 5B). When fragments from either the 5 or 3’ end
of the cDNA were used for Northern blot analysis, only
the 2.8 kb fragment was detectable (data not shown).
Therefore, it appears that the 2.0 and 1.6 kb fragments
may be products of mRNA degradation. When the in-
tron 2 region was used for Northern blot analysis as
a probe, no distinct mRNA corresponding to the intron
was observed (data not shown), suggesting that this re-
gion is spliced efficiently.
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Expression of sbel during seed development

Figure 5B shows shel gene expression in developing rice
seeds. As mentioned above, three distinct bands of
2.8 kb, 20kb, and 1.6 kb mRNA were also apparent
throughout seed development. The shel mRNA level
gradually increased after flowering and reached a maxi-
mum in the middle stage of seed development, between
7 and 15 days after flowering (DAF). By 20 DAF, sbel
mRNA began to disappear rapidly and was no longer
detectable by 25 DAF. This expression pattern is very
similar to that of the waxy gene, which encodes a gran-
ule-bound starch synthase (Fig. 5C).

Discussion

Rice plants contain more than two different starch
branching enyzmes. Among them, BE-I, which produces
amylopectin during seed development, is the major en-
zyme. Northern blot analysis revealed extremely low lev-
els of expression of BE-1 in leaves, stems, and roots in
contrast with the abundant level of expression of this
enzyme in developing seeds (Fig. SA). It appears that
this gene is constitutively expressed at low levels in most
tissues of the plant and then is strongly induced during
seed development. Both she! and waxy gene expression
were maximal during the mid stage of seed development
(Fig. 5B, C), consistent with the physiological observa-
tions reported by Asaoka et al. (1985).

We also isolated a rice gene homologous to the bacte-
rial branching enzyme (sbe2). Expression of this gene
was not detected in developing seeds or in leaves or
stems; therefore, it may be expressed only at very low
levels or is no longer expressed. Analysis of starch meta-
bolizing enzymes in developing rice seeds has revealed
many functional branching isozymes (Mizuno et al.
1992). However, no other gene with homology to shel
or sbe2 has been detected. Therefore, it appears that the
other isozymes share little homology with sbel and sbe2.

The 5 flanking region of sbel contains a number of
promoter consensus sequences, which probably function
as the promoter of this gene. In addition to these se-
quences, a number of repeated sequences and also G-box
motifs are present in the promoter region. This suggests
that trans-acting factors are involved in the regulation
of sbel gene expression. The shel gene contains 14 exons
and 13 introns. Intron 2 is extremely large (Fig. 2A).
This structural feature is common among genes involved
in starch biosynthesis within amyloplasts, such as the
waxy gene which encodes a granule-bound starch syn-
thase and the agpp gene which encodes an ADP-glucose
pyrophosphorylase (e.g. Rhode et al. 1988; Wang et al.
1990; Hirano and Sano 1991; Anderson et al. 1991). The
first or second introns in these genes have been shown
to be large. A large intron, similar to intron 2 of shel,
is present in the gene encoding an anther-specific protein
in sunflower, which also contains a transit peptide (Do-
mon et al. 1991). Such large introns may be common
in genes that contain transit peptide-coding regions. In-
tron 2 of shel has a GC-rich sequence that can form
stable secondary structures. Since a stable secondary
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structure in the intron may inhibit its splicing (Goodall
and Filipowicz 1991), other factors may be required for
efficient splicing.

Intron 2 of shel is located in the region immediately
preceding the border between the transit preptide-coding
region and the segment encoding the mature protein.
Since several regions homologous to intron 2 are present
in the rice genome (Fig. 3), the region including intron
2 may have been acquired via duplication and insertion
of the sequence from another part of the genome. Nucle-
ar genes encoding proteins that function in the plastid
are thought to have originated in the plastid DNA, and
to have relocated in the nucleus over the course of evolu-
tion (Gantt et al. 1991). Since proteins that are encoded
in the nucleus and transported efficiently into the plastid
must also have acquired a transit peptide during plant
evolution (Nugent and Palmer 1991), a similar event
might have occurred in this gene, and during this process
the large intron might have been created near the border
between the region encoding the transit peptide and the
region encoding the mature protein.

When the coding sequences of rice and maize BE-I
genes are aligned, it appears that the putative processing
site of the transit peptide of the rice BE-I is located
between alanine and arginine residues. However the N-
terminus of rice BE-I may be processed further, since
the mature protein begins with either a threonine or
valine residue, which are —1 and +1 residues, respec-
tively, from the methionine residue encoded by the ATG
codon in the 3rd exon (Fig. 2B). The peptide preceding
this methionine may not be essential for branching en-
zyme function in rice BE-I. This ATG codon might be
a prokaryotic remnant of an ancestral gene, which pre-
dates acquisition of the region encoding the transit pep-
tide, and may at one time have been a plastid-encoded
gene.
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