Plant Physiol. (1997) 114: 69-78

Independent Genetic Control of Maize Starch-Branching
Enzymes lla and I1b’

Isolation and Characterization of a Sbe2a cDNA
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In maize (Zea mays L.) three isoforms of starch-branching en-
zyme (SBEI, SBElla, and SBEIlb) are involved in the synthesis of
amylopectin, the branched component of starch. To isolate a cDNA
encoding SBElla, degenerate oligonucleotides based on domains
highly conserved in She2 family members were used to amplify
Sbe2-family ¢cDNA from tissues lacking SBEIlb activity. The pre-
dicted amino acid sequence of a SheZa ¢cDNA matches the
N-terminal sequence of SBElla protein purified from maize en-
dosperm. The size of the mature protein deduced from the cDNA
also matches that of SBElla. Features of the predicted protein are
most similar to members of the SBEII family; however, it differs
from maize SBEIIb in having a 49-amino acid N-terminal extension
and a region of substantial sequence divergence. Sbe2a mRNA
levels are 10-fold higher in embryonic than in endosperm tissue,
and are much lower than Sbe2b in both tissues. Unlike Sbe2b,
She2a-hybridizing mRNA accumulates in leaf and other vegetative
tissues, consistént with the known distribution of SBElla and SBEIIb
activities.

SBE catalyzes the formation of a(1-6) branches in amyl-
opectin, the highly branched component of starch. It
cleaves a(1-4) bonds on linear glucosyl chains and reat-
taches the released glucan segments to the same or another
glucosyl chain by a(1-6) linkages. The reaction creates not
only branches, but also new, nonreducing ends for further
a(1-4) glucan elongation. Multiple forms of SBE have been
characterized in many species, including rice (Mizuno et
al., 1992; Nakamura et al., 1992; Yamanouchi and Naka-
mura, 1992), spinach, pea, potato, and maize (Zea mays L.)
(for review, see Preiss, 1991). In maize three SBE isoforms,
SBEI, SBEIIa, and SBEIIb, were resolved by DEAE-cellulose
Chromatography (Boyer and Preiss, 1978a, 1978b). Maize
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SBEI is distinct from SBEIla and SBEIIb in amino acid
composition, peptide maps, substrate specificity, optimal
reaction conditions, enzyme kinetic properties, and immu-
nological reactivities, whereas SBEIla and SBEIIb are very
similar in these respects (Preiss, 1991; Guan and Preiss,
1993; Takeda et al, 1993). cDNAs encoding SBEI and
SBEIIb have been isolated (Baba et al., 1991; Fisher et al,,
1993, 1995; Stinard et al., 1993) and their expression pat-
terns characterized (Gao et al., 1996).

Preiss and co-workers (Singh and Preiss, 1985; Preiss,
1991) concluded that SBEIla and SBEIIb may be the prod-
ucts of a single gene because of their similarities (for re-
view, see Preiss, 1991). This one-gene hypothesis predicts
that the differences between SBEIIa and SBEIIb could result
from posttranscriptional modification, e.g. alternative
splicing of the same pretranscript, or from posttransla-
tional modification of a common precursor such as phos-
phorylation or glycosylation.

An alternative hypothesis is that SBEIla and SBEIIb in
maize endosperm are the products of two separate genes.
Results from studies of the amylose-extender (ae) locus, the
structural gene encoding SBEIIb, and its expression pattern
support this hypothesis (Dang and Boyer, 1988, 1989; Sti-
nard et al., 1993; Fisher et al., 1996a; Gao et al., 1996).
Mutant endosperm from a number of independently de-
rived ae alleles are deficient in SBEIIb activity but contain
approximately normal levels of SBElla (Boyer and Preiss,
1978b; Baba et al., 1982; Hedman and Boyer, 1983). In
homozygous endosperm of one of these ae alleles (ae-B1),
the Sbe2b transcript was reduced to below the level of
detection by northern analysis, yet SBEIla activity was not
affected (Fisher et al., 1996a). This strongly supports the
hypothesis that endosperm SBEIla and SBEIIb are encoded
by separate genes. Likewise, no Sbe2b transcripts were
detected in maize leaves (Stinard et al., 1993; Gao et al,,
1996), which contain only SBEIla and SBEI activities (Dang
and Boyer, 1988, 1989).

To be consistent with the reported biochemical and im-
munological similarities of the SBEIla and SBEIIb isoforms,

Abbreviations: DAE, days after emergence; DAP, days after
pollination; pfu, plaque-forming units; RPA, RNase protection
assay; RT-PCR, reverse transcriptase-coupled PCR; SBE, starch-
branching enzyme; ssDNA, single-stranded DNA.
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the two-gene hypothesis predicts that they share very high
amino acid sequence similarity. However, the nucleotide
sequence of the She2a cDNA could be substantially diver-
gent from that of the She2b ¢cDNA because of potentially
synonymous codon usage. It is possible that separate,
tissue-specific genes encode She2s in leaf and endosperm.
Considering this possibility, the two-gene hypothesis also
predicts that the Sbe2a gene and/or a closely related du-
plicate locus, but not the Sbe2b gene, should be expressed in
leaves and ge-BI endosperm (devoid of SBEIIb activity).
Moreover, a low steady-state level of the She2a message in
these tissues, together with the potentially substantial se-
quence difference between Sbe2a and Sbe2b, could explain
why no Sbe2b-hybridizing transcripts were detected in
leaves or in ae-BI endosperm by northern analysis, even
under low-stringency conditions (Fisher et al., 1996a; Gao
et al., 1996).

To test the two-gene hypothesis, we sought a maize Sbe2a
cDNA. We report here the isolation and characterization of
anovel, nearly full-length She2-family cDNA. As predicted,
mRNA hybridizing to this cDNA is detected at very low
levels in leaves and in ge-B1 endosperm. Its deduced amino
acid sequence shares high sequence similarity with the
deduced SBEIIb sequence, but its DNA sequence is more
divergent. A 49-amino acid N-terminal extension of the
deduced SBEIIa protein is consistent with its slightly larger
molecular weight relative to SBEIIb, as estimated by SDS-
PAGE. The 14 N-terminal amino acids of mature SBEIla
protein purified from ae-BI endosperm perfectly match a
sequence deduced from the putative She2a cDNA and fit
the consensus chloroplast transit peptide cleavage site.
Overlapping partial cDNAs isolated from embryo, roots,
and ae-B1 endosperm tissue perfectly match the sequence
determined from the leaf cDNA. These results suggest that
this cDNA, distinct from She2b, encodes SBEIla in maize.

MATERIALS AND METHODS
Nomenclature

Sbel, Sbe2a, and Sbe2b refer to the structural genes for
maize SBEI, SBEIla, and SBEIIb enzymes, respectively.

RT-PCR

Primers for PCR amplification of She2-family cDNAs
were derived from sequences almost perfectly conserved in
maize (Zea mays L.) Sbe2b, rice Rbe3, and pea Sbel: Sbe2/
forward, 5 TGG ATG TGG GAT TCT CGC CTW(A or T);
Sbe2 /reverse, 5 ACA TAT CCT TGT CCA TCA ACC. All
RT-PCR amplifications were performed using the Super-
SCRIPT system (GIBCO-BRL) and Tag polymerase (Pro-
mega). The Sbe2/reverse primer was used for first-strand
c¢DNA syntheses with 1 to 5 pg of total RNA. The RT-PCR
products were either blunt-ended with T4 DNA polymer-
ase and cloned into Smal-cut pBluescript SK™ (Stratagene)
(Simon et al., 1994), or directly cloned into pCR (version
2.0, Invitrogen, San Diego, CA) following the manufactur-
er’s instructions.
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Library Screening, DNA Sequencing, and
Sequence Analysis

A maize leaf (5 weeks old, B73-inbred) cDNA library
(Uni-Zap XR, Stratagene, catalog no. 937005) was screened
by hybridization to radioactively labeled DNA fragments
following the manufacturer’s instructions. All DNA probes
were labeled with [*P]dCTP by the random-primed label-
ing method. All phage lift membranes were hybridized and
washed under high-stringency conditions as described pre-
viously (Church and Gilbert, 1984). DNA sequencing was
performed using Sequenase (United States Biochemical).
Both strands of the ¢DNA clone (pLf-8-1Aa) were se-
quenced by a combination of subcloning and synthetic
primers. All sequence analysis was performed using Laser-
gene software (DNASTAR, Inc., Madison, WI). DNA and
protein similarity scores were determined by algorithms of
Martinez-Needleman-Wunch (gap penalty, 1.10; gap-
length penalty, 0.33; and minimum match, 9) and Lipman-
Pearson (gap penalty, 4; gap-length penalty, 12; and
Ktuple, 2), respectively.

RNA Extraction, Northern Analysis, and RNase
Protection Assay

Preparation of plant materials, RNA extractions, and
northern analysis were performed as described previously
(Fisher et al., 1996a; Gao et al., 1996). The template for
synthesizing the Sbe2a-specific probe was the 393-bp 5’ end
fragment of pL{-8-1A (1-380 bp of the cDNA, plus a 13-bp
adapter sequence). The fragment was derived from EcoRI
digestion of a PCR fragment amplified with a T3 vector
primer and a gene-specific primer P2-20 (corresponding to
the sequence from 380 to 360 bp). The fragment was filled
in with Klenow and ligated to the EcoRV site of pBluescript
SK™ (Stratagene). Sense and antisense RNA were tran-
scribed in vitro with T7 RNA polymerase (BrightStar BI-
OTINscript, Ambion, Inc., Austin, TX) from two EcoRI-
linearized plasmids containing the 5’ end fragment in
sense or antisense orientation relative to the T7 promoter.
The antisense RNA (455 bp), containing a 393-bp ¢cDNA
and a 62-bp vector sequence, was maximally labeled with
biotin-14-CTP and used as a probe in the RPA.

The She2b-specific probe used in the RPA was the 214-bp
5 end EcoRI to Xhol fragment of the full-length She2b
¢DNA. The fragment was subcloned into EcoRI- and Xhol-
digested pBluescript SK™ and pBluescript KS™. The sense
RNA (270 bp, including a 66-bp vector sequence) was
transcribed with T7 RNA polymerase from a Xhol-
linearized pBluescript KS™ plasmid containing the Sbe2b
fragment. The Sbe2b antisense RNA probe (244 bp, includ-
ing a 30-bp vector sequence) was similarly transcribed
from the pBluescript SK™ plasmid. The Sbe2b antisense
probe was labeled with either one-half or one-fourth of the
maximal concentration of biotin-14-CTP to bring the signal
strength for the Sbe2b mRNA within the same range as that
of the Sbe2a mRNA. This allowed quantification of signals
for both transcripts in the linear range of the x-ray film
with a single exposure. The She2a and Sbe2b sense RNA
(455 and 270 bp, respectively) used as standards were not
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labeled with biotin. RNA markers were in vitro-transcribed
from a marker template (Century, Ambion) with maximal
biotin-14-CTP concentration. All in vitro-transcribed RNA
species were gel-purified and quantified spectrophoto-
metrically.

RPA was carried out using a kit (RPAII, Ambion) accord-
ing to the manufacturer’s instructions. Total RNAs from
different tissues were co-precipitated with the Sbe2a and
Sbe2b antisense probes (1 ng of probe/20 ug of total RNA),
hybridized for 18 h, and digested with a mixture of RNase
A and T1. The RNase-digested products were then precip-
itated, resolved on a 5% denaturing polyacrylamide gel,
and blotted to nylon membrane (Hybond-N*, Amersham)
with a semidry blotting apparatus (Fisher Scientific). The
protected, biotinylated fragments were detected with
streptavidin-alkaline phosphatase conjugates catalyzing a
chemiluminescent reaction detected by x-ray film (Bright-
Star BioDetect system, Ambion). The films were scanned
with a densitometer and quantified using the ImageQuant
program (Molecular Dynamics, Sunnyvale, CA). All mea-
surements were made only on bands with optical densities
in the linear range of the x-ray film.

Two controls containing 2 ng of both Sbe2a- and Sbe2b-
labeled probes mixed with 20 or 40 ug of yeast total RNA
corresponding to the highest amount of sample total RNA
analyzed were included in all RPA experiments. One was
digested with RNases (negative control); the other was not
digested after hybridization (positive probe control). One-
tenth of the positive probe control was analyzed on the gel.
Five RNA standards containing known amounts of the in
vitro-synthesized Sbe2a and Sbe2b sense RNAs mixed with
20 ug of yeast total RNA were also included. Quantities of
Sbe2b/Sbe2a RNA standard included in the RPA were
225.5/14.4, 340.8/19.2, 113.6/4.8, 71.0/2.4, 51.1/1.4, and
454.4/9.6 (pg), respectively. To construct a standard curve
for calculations of the transcript levels in samples, the
signal strengths of the probe fragments protected by the
RNA standards were plotted against the amount of RNA
standards in moles.

Isolation and N-Terminal Sequencing of
SBElla from ae-B7 Endosperm

SBEIla from endosperm of 22 DAP ae-BI kernels was
purified using a procedure modified from that of Guan and
Preiss (1993). Twenty-eight grams of frozen endosperm
was extracted, ammonium sulfate-fractionated, and dia-
lyzed according to Guan and Preiss (1993). The dialyzed
SBE fraction was applied to a preequilibrated DEAE-
Sepharose Fast-flow column (Pharmacia; 1.6 X 70 cm,
120-mL resin bed volume; about 10 mg protein mL ' bed
volume). The column was washed with 2 resin bed vol-
umes of buffer A (50 mm Tris-acetate buffer [pH 7.5] con-
taining 10 mm EDTA, 25 mm DTT, and 5% glycerol).
SBEIla was eluted with a linear gradient of 12 resin bed
volumes of 0 to 0.4 M KCl in buffer A, following the method
of Guan and Preiss (1993). Fractions were assayed for
branching enzyme activity as described previously (Fisher
et al., 1996a). To confirm the presence of a single species of
SBE in all SBEIIa fractions, aliquots were fractionated on an

8% polyacrylamide gel, blotted, and detected with an an-
tibody recognizing both SBEIla and SBEIIb (Fisher et al.,
1996a; Mu-Forster et al., 1996).

Fractions containing SBEIla activity were pooled, precip-
itated with 55% ammonium sulfate, and redissolved in a
minimal volume of buffer A. The redissolved SBEIla frac-
tion was then loaded on an w-aminooctyl-agarose column
(Sigma; 1.6 X 20 cm, 30-mL resin bed volume, and 0.1 mg
mL ™! resin bed volume) equilibrated with buffer A. The
column was washed with 4 resin bed volumes of buffer A,
and SBEIla was eluted with a linear gradient of 10 resin bed
volumes of 0 to 1 M KCl in buffer A. Fractions with SBEIla
activity were pooled and concentrated with filters
(Centriplus-30, Amicon Inc., Beverly, MA).

The concentrated SBEIIa fraction was next applied to a
Sephacryl S-300-HR column (Sigma; 1.6 X 40 cm, 60-mL
resin bed volume) and eluted with buffer A at a flow rate
of 0.2 mL/min. Aliquots from 1-mL column fractions con-
taining SBElla activity were checked for purity with SDS-
PAGE (8% gel) and silver staining. Peak fractions essen-
tially free of protein contaminants were pooled and
concentrated with filters (Centriplus-30, Amicon). The
SBEIla protein of near homogeneity was further resolved
by preparative SDS-PAGE, blotted onto a PVDF membrane
(Trans-Blot, Bio-Rad), and visualized with black stain (0.1%
amido black 10B [Sigma] in 10% acetic acid). N-terminal
sequencing of the blotted SBEIla from se-B1 endosperm
was performed by the Wistar Protein Microsequencing
Facility (Philadelphia, PA).

Genomic Southern Analysis

Maize genomic DNA was extracted from 16 DAP W64A
kernels. Ten grams of frozen kernels was ground to a fine
powder in liquid nitrogen, added to 35 mL of extraction
buffer (100 mm Tris-HCl, pH 8.8, 100 mm NaCl, 20 mm
EDTA, and 1% Sarkosyl), and extracted by sitting at room
temperature for 10 min. An equal volume of Tris-HCI-
equilibrated phenol (pH 8.0, 35 mL) was added, and the
mixture was vortexed for 3 min and centrifuged at 10,000
for 10 min at 4°C. The supernatant was extracted twice
with an equal volume of chloroform:isoamyl alcohol (50:1),
and the genomic DNA was precipitated by adding one-
tenth volume of NaOAc (3 M, pH 5.2) and 1 volume of
isopropanol. The genomic DNA was wound on a glass rod,
redissolved in 5 mL of TE buffer (10 mm Tris-HCl, 1 mm
EDTA, pH 7.6), and digested with RNase A (50 ug/mL) for
1h and then with proteinase K (50 ug/mL) for 1 h at 37°C.
The DNA preparation was extracted with an equal volume
of phenol:chloroform:isoamyl alcohol (25:24:1), precipi-
tated as before, wound on a glass rod, and washed with
70% ethanol. DNA was dissolved in 1 mL of TE buffer. Ten
micrograms of DNA was digested with each restriction
enzyme, fractionated on a 0.8% agarose gel, and alkaline-
blotted to a membrane (Hybond-N") following the manu-
facturer’s instructions. The blot was hybridized sequen-
tially with ssDNA probes specific to Sbe2b, or Sbe2a cDNAs
generated as described by Konat et al. (1994). The template
used for synthesizing the Sbe2a-specific ssDNA probe was
the PCR-amplified 5’ end fragment (1-381 bp). The primer
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P2-20 was also used for PCR amplification of the She2a
ssDNA probe. The template specific to Sbe2b was the 5’ end
EcoRI and Kpnl fragment (1-353 bp). The primer used for
the amplification of the She2b ssDNA probe was P2-6R3,
corresponding to the sequence from 345 to 338 bp of the
full-length Sbe2b ¢DNA. The blot was hybridized at 65°C
for 16 h, and washed under high-stringency conditions as
described by Church and Gilbert (1984).

RESULTS
Isolation of a Novel She2-Family cDNA

Our approach was to first isolate a partial Sbe2a cDNA
from tissues lacking Sbe2b transcript by RT-PCR using
conserved Sbe2 primers. Sequence comparison between the
maize Sbe2b ¢cDNA and its counterparts in pea (Sbel) and
rice (Rbe3) revealed two almost completely conserved se-
quences of 25 bp each, which are not conserved in cDNAs
encoding maize SBEI or other plant SBEI family members.
We reasoned that since maize SBEIla is very similar in
many biochemical and immunological properties to SBEIIb
(Fisher and Boyer, 1983; Preiss, 1991; Guan and Preiss,
1993; Takeda et al., 1993), these two stretches of sequences
might also be conserved in the hypothetical cDNA encod-
ing maize SBEIIa. Therefore, two degenerate primers de-
rived from these two sequences were used for RT-PCR
amplification of cDNA from maize leaf total RNA. Leaf
tissue was chosen because it contains SBEII activity with
chromatographic characteristics similar to those of maize
endosperm SBElla, but is devoid of detectable SBEIIb ac-
tivity and Sbe2b transcripts.

A single 538-bp ¢DNA fragment was amplified from
25-d-old seedling leaf RNA. The fragment was cloned and
seven positive isolates were sequenced at both ends. One
clone was a nonspecific amplification product from 185
rRNA, and the other six were identical. The complete se-
quence of the RT-PCR-amplified cDNA is shown in Figure
1 as part of a subsequently isolated, nearly full-length
putative Sbe2a cDNA. This RT-PCR-amplified cDNA frag-
ment showed 78 and 40% sequence similarity to the corre-
sponding region of the maize Sbe2b and Sbel cDNAs, re-
spectively. Thus, the cDNA fragment, although distinct
from Sbe2b and Sbel, was likely amplified from an mRNA
encoding a leaf Sbe2-family protein. cDNA fragments with
identical sequences were also amplified, cloned, and se-
quenced from total RNA from seedling roots, embryo, and
ae-B1 endosperm (not shown).

To isolate a full-length cDNA, the putative Sbe2a cDNA
fragment was used as a probe to screen 5.4 X 10° pfu of a
maize leaf cDNA library (Stratagene). Of 11 independently
isolated clones, the largest (designated pL-5-2A) contained
a 2.3-kb insert. As summarized in Table I, another 15
independent clones were isolated by screening 2.5 X 10°
pfu. Among them, two clones (pGl-7-1A and pL{-8-1A) of
2795 bp were further analyzed. Their size is very close to
that of a hybridizing mRNA (2.8-2.9 kb) estimated from
northern analysis of total RNA from various tissues (see
below). The cDNA sequence and the deduced amino acid
sequences from the longest open reading frame of the two
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clones are shown in Figure 1. Several cDNAs with short-
ened 3’ untranslated regions were found, indicating either
imprecise or alternative polyadenylation addition sites.

The Putative Sbe2a cDNA Encodes a Protein Very
Similar to SBEIIb

The sequence of the near-full-length putative She2a
¢DNA showed about 67% similarity overall to that of the
Sbe2b cDNA (Fig. 2). The sequence between 380 and 2443
bp is very similar to the corresponding Sbe2b cDNA se-
quence (78% similarity). However, a short 5’ end fragrent
{0-380) and the 3’ untranslated region (2443-2763) of this
putative Sbe2a cDNA strongly diverge from their counter-
parts in Sbe2b, with only 29 and 38% sequence similarity,
respectively (Fig. 2). The pattern of similarity between the
putative Sbe2a and Sbe2b cDNA in maize is very similar to
that of the two genes encoding two SBEIl enzymes in
Arabidopsis thaliana, i.e. a conserved central region and
diverged termini (Fisher et al., 1996b). These and other data
(see below) indicate that although this cDNA is most sim-
ilar to the Sbe2 family, it is clearly distinct from She2b.

Consistent with the DNA sequence comparison, the
amino acid sequence deduced from the longest open read-
ing frame of the putative Sbe2a cDNA shares 77% overall
similarity with that of the Sbe2b cDNA (Fig. 3). The amino
acid sequence corresponding to the highly conserved re-
gion (amino acids 124-810) is 89% similar to that of SBEIIb.
Thus, this leaf putative Sbe2a cDNA encodes a protein very
similar to, but not identical to, endosperm SBEIIb. Both
amino acid and codon usage differences between the two
cDNAs contribute to the overall nucleotide sequence dif-
ference of the two cDNAs.

As in all other SBE isoforms in the SBEII family (Burton
et al, 1995; Fisher et al., 1996b), the central conserved
region of the amino acid sequence deduced from the pu-
tative Sbe2a cDNA starts with a stretch of three consecutive
Pros (SBEIla positions, amino acids 124-126). Residues pre-
dicted to fold into the (B-a)s barrel domain conserved in
plant-branching enzymes (Burton et al, 1995) are also
highly conserved (Fig. 3). Residues participating in the
active sites of glucanases, which are conserved in all other
branching enzymes (Burton et al, 1995), are also com-
pletely conserved in the amino acid sequence deduced
from the putative She2a cDNA (Fig. 3).

The N-Terminal Sequence of Purified SBElla Matches the
Deduced Sequence of the Putative Sbe2a cDNA

The N-terminal sequence of purified SBEIla protein was
determined, and the data provide conclusive evidence that
the putative Sbe2a cDNA encodes the SBEIla isoform de-
fined biochemically. SBEIla protein was purified from
ge-B1 endosperm by a procedure modified from that of
Guan and Preiss (1993). Endosperm of this mutant is de-
void of the potentially contaminating SBEIIb isoform. En-
riched SBEIla fractions from a DEAE-Sepharose column
were purified further through an amino w-octo agarose
column. A sharp, symmetrical peak of SBE activity was
reproducibly eluted in fractions containing approximately
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GGACTTGCCGTCGETGCTCTTCAGGAGGAAGGACGC TTTCTCTCGCACCETTCTGAGCTGCGCTGGTGCTCCTGGARAGGTACTGGTGCC 90
9 DL P S VL F RRZXDOAP S5 RTVL S CAG AP G K V L V P

TGGA GTGATGACTTGCTTTCCTCCGCAGAGCCGGTCGTGGACACTCAACCTGAAGAACTACAGATACCTGAAGCAGAACTGAC 180
31 6 6 6 8 DD L L 8 S A EPVYV YV DTOQ¢UPETETLTGQTIU®PTEA AETULT

TGTGGAGAAGACATCCTCCTCACCAACTCARACAACATCAGCAGTGGCTGAAGCAAGCTCAGGAGTTCGAGGCTGAGCGAGAGECCTGAGCT 270
61 V E K T S 8 s p T Q T T 8 AV A E A S S8 G V E A EE R P E L

CTCAGAAGTGATTGGAGTTGGAGGTACTGGTGGAACCAARATTGATGGTGCAGGCATCAAAGCCAAAGCACCACTCGTGGAGGAGAAACC 360
91 s E VvV I 6 V 6 G T 6 ¢ T K I p ¢ A G I XK A XK A P L V E E K P

ACGAGTTATCCCACCACCAGGAGATGGCCAACGAATATATGAGATTGACCCAATGTTGGAAGGGTTTCGGGGTCACCTTGACTACCGATA 450
12! R VvV I P P P 6 D G O R I ¥ E I DUPMTULETGTF®RGHTILUDTYR Y

CAGTGAATATAAGAGATTACGTGCGGCTATTGATCAACATGAAGGTCCTT TGGATGCAT T T TCACGCGGTTACGAAAAGCTTGGATTTAC 540
151 § E Y K R L R A A I D Q H E ¢ 6 L b AF 8 R G Y'E K L G F T

PCGCAGCGCTGAAGGTATCACTTACAGAGAATGGGC TCCTGGAGCATACTCTGCAGCATTAGTAGGTGACTTCAACAACTGGAACCCAAA 630
181 R S A E ¢ I T Y R E W A P G A Y 8 A A L V @ D F N N W N P N

TGCTGATGCTATGGCCAGAAATCAGTACGGCGTT TTTCCTGCCTAACAATGCTGATGGTTCCCCTGCTATTCCTCATGGCTC 720
211 A D A M A R N E Y G V W E I ¥ L P N NADSG S P A I P H G 5

ACGTGTAAAGATACGGATGGACACACCATCTGGTGTTAAGGATTCCATTCCTGCCTGGATCAAGTTTTCTGTGCAGGCTCCAGGTGAAAT 810
241 R vV X I R M D TP S G V KD S I PAWI KV F S V Q:-Aa P G E I

ACCATACAACGGTATATATTATGACCCACCTCAAGAGGAGAAATATGTATTCARAACACCCTCAACCTAAGCGGCCCAAGTCACTGCGGAT 900
271 P Y N 6 I Y ¥ D P P E E E K Y V F K HP Q P KR P K S L R I

ATATGAATCACATGTTGGAATGAGTAGCCCGGAACCARAGATAAATACATATGC TAACTTCAGAGATGAGGTGCTTCCAAGAATTAARAR 990
361 Y E S H V @ M 8§ 8 P E P K I N T Y A NVJFRDEV LPRTI K K

GCTTGGATACAATGCAGTACAGATAATGGCAATCCAGGAACACTCTTATTATGCAAGCTTTGGGTACCATGTTACGAATTTTITTGCCCC 1,080
331 L. 6 Y N A VvV @Q I M A I Q E H S Y Y A 3 F G Y HV TN TF F A P

AAGTAGCCGTTTTGGGACTCCAGAGGACCTAAAATCTCTTATTGATAAAGCGCATGAGCTIGGCTTGCTAGTGCTTATGGATATTGTTCA 1,170
31 8 8 R F 6 T P E D L K § L I DX A HETUL L L V L M D I V H

TAGTCATTCATCAAATAATACCTTGGATGGTTTGAATGGTTTCGATGGCACCGATACACATTACTTCCATGGTGGTCCACGAGGCCATCA 1,260
331 S H 8 § N N T L D G L N G ¥ D G T DT H Y F HG G P R G HH

TTGGATGTGCGATTCTCGCCTATTCAATTATGGGAGTTGGGAAGTTTTGAGAT T TCTATTGTCAAATGCGAGATGGTGGC TTGAAGAATA 1,350
421|WMWDSRLFNYGSWEVLRFLLSNARWWLEEY
5' TGGATGTGGGATTCTCGCCTW 3 —f RT-PCR Amplified segment

TAAATTT! TTCGATTTGATGGGGTGACCTCCATGATGTATACTCACCATGGATTACAAGTGACATTCACTGGGAACTATGGCGA 1,440
41 K F D G F R F D ¢ V T 8 M M Y T H H 6 L Q VvV T F T 6 N Y G E

TATT CACTGATGTT T ‘TTACCTAATGCTGGTAAACGATCTTATTCGTGGGCTTTATCCAGAAGCTGTATC 1,530
481 ¥ ¥F ¢ F A T D V D A V V ¥ L M L V N D L I R G L Y P E A V S
CATTGGCGAAGATGTCAGCGGAATGCCTACATTTTGTATCCCTGTCCAAGATGGTGGTGTTGCTTTTGATTATCGTCTTCATATGGCTGT 1,620
511 I 6 E D V 8 G M P T F C I P V 0 D G G V G F D Y R L H M A V
CCCAGACAAATGGATTGAACTTCTGAAGCAAAGTGACGAATATTGGGARATGGETGACATCGTGCACACCTTAACARATAGAAGGTGGCT 1,710
541 P D K W I E L L K @ 8 D E Y W E M 6 D I V H T L T N R R W L

TGAAAAGTCTCTCACTTATTGTGAAAGTCATGATCAAGCTCTTGTTGGTGACAAGACAATTGCATTCTGGTTGATGGATAAGGATATGTA 1,800
571EKCVTYCESHDQALVGDKTIAFWLMDKDM‘Y
RT-PCR Amplified segment -ef—— 3 'ACCAACTACCTGTTCCTATACA 5'

TGATTTCATGGCTCTGGACAGGCCTTCAACGCCTCGCATC GATCGTGGGATAGCATTACATARAATGATTAGGC TTGTCACAATGGGTTT 1,890
601 D F M A L D R P S T PRI DRG I AL HI KMTIZ BRTILUVTMGTL

AGGAGGTGAAGGCTATCTAAATTTCATGGGAAATGAGT TTGGGCATCCTGAATGGATAGATTTTCCAAGAGGTCCTCARAGTCTTCCAAA 1,980
631 6 G E 6 Y L N F M G N E F G H P E W I DF P R G P Q S L P N

TGGCTCCGTCATTCCTGGGAATAACAATAGCTTTGATARATGCCGCCGTAGATTTGACCTTGGAGATGCAGAT TATCTTAGATATCGTGG 2,070
661 G S V I P G N N N § F D K CRZRU®RPFUDTULGDA ATDTYTULUR Y R G

TATGCAAGAGTTTGACCAGGCAATGCAGCACCTTGAGGGAAAATATGAATTCATGACATCTGATCACTCATATGTATCACGGAAGCATCA 2,160
691 M Q BE F D Q A M © H L E G K Y E FM T S D H S Y V S R K H E

GGAGGATAAGGTGATCATCTTTGAGAGAGGAGATTTGGTCTTCGTGTTCAACTTCCACTGGAGCAATAGC TATTTTGACTATCGCGTTGE 2,250
721 E D K v I I F E R 6 D L V F V F N F E W 5 ¥ 8 Y F D ¥ R V G

TTGTTTCAAGCCTGGGAAGTACAAGATCGTTTTAGATTCTGACGATGGCCTTTTCGGTGGATTTAGTCGGCTTGATCATGATGCCGAGTA 2,340
751 ¢ P K P 6 K Y X I vV L. D § D D G UL F G G F 8 R L DHUDATE Y

CTTCACTGCTGACTGGCCECATGACAACAGGCCGTGTTCTTTCTCGGTCTATGCACCCAGCAGAACAGCCGTCGTATATGCACCTGCAGG 2,430
781 F T A D W P H D N R P C § F § V Y A P 8 R T A V V Y A P A G

TGCAGAGGACGAATAGGGCCACAACAGCGGTTETTGGGGAAGAACTTCAGAG TGCTGGTGGACTGACACCACTGCCACGCGE 2,520
81t A E D E 814
GATGCTGCCAGATGTTGCCCTCGAGACCACGTGGCAGGACGATCAGCTAT TCAGGTGGATAGGTTAGCTTACCGATGAGCTCTCGCTTTC 2,610
GAGTGACTGGTGAAGGAAATGGACCTCGCACACCGCATTTTCGCTATGCATTCTGARAATGTACCGTGTGGTTTTGTACATATGGCATCA 2,700
GTAGGCATTATATCATTCATCTCGCTGAACCAACCATTTACGCTATACTCCGTACTGCTGTCCA (32) 2,795

Alternative polyadenalation site

Figure 1. Nucleotide sequence and conceptual
translation of a nearly full-length Sbe2a cDNA.
Nucleotides and amino acids are numbered at
the right and the left, respectively. The cDNA
segment amplified by RT-PCR from leaf and
ae-B1 endosperm total RNA and the primers
used are indicated by the arrows. Positions of
synthetic oligonucleotides used for RT-PCR are
indicated. The alternative polyadenylation site
indicates where the poly(A) tails in the different
cDNAs begin.

0.5 to 0.75 M KCl in buffer A. The identity of the enzyme The SBElla protein was purified further through a
was confirmed by western analysis of the fractions with an Sephacryl S-300-HR column. An aliquot of pooled peak
anti-SBEII antibody that recognizes both the 85-kD SBEIIb SBEIla fractions essentially free of other proteins (as indi-
and the larger, 89-kD SBEIla (Fisher et al., 1996a; Mu- cated by SDS-PAGE analysis) was compared by western

Forster et al., 1996). analysis with SBEIIa and SBEIIb from the wild-type W64A
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Table I. Summary of maize leaf cDNA library screens

Screen Probe pfu Screened No. of Clones Isolated Designation of Longest Isolates
1 538-bp cDNA fragment from RT-PCR ampli- 5.4 X 10° 11 pL-5-2A, 2.3 kb
fication of leaf RNA
2 0.6-kb 5’ EcoRI/Kpnl fragment from pL-5-2A 4.8 X 10° 5 pFL-8 1A, 2.65 kb
3 5' 500-bp fragment from pFL-8-TA 1.0 X 10® 5 pML-16-1A and pML-6-1A, 2.77 kb
4 5’ 360-bp fragment from pML-6-1A 1.0 X 10® 5 pLf-8-1A and pGl-7-1A, 2.79 kb

endosperm in fractions from a DEAE-Sepharose Fast-flow
column (Fig. 4). The purified SBEIla protein co-migrated
with the larger, 89-kD band in the control, SBEIla-enriched
fraction from W64A endosperm on the western blot. The
85-kD band detected in the control, SBEIla-enriched frac-
tion from W64A endosperm is contaminating SBEIIb (Fish-
er et al., 1996a), which is not detected in SBEIla fractions
from ae-Bl endosperm. The molecular mass of the mature
SBEIIa calculated from the deduced amino acid sequence
(amino acids 11-814; Fig. 3) is 89,583 D, matching very
closely that of SBEIla from endosperm determined by SDS-
PAGE (89 kD) (Fig. 4) (Fisher et al., 1996a).

She2a GGACTTGCC T T ; ARGG 80

e
] [ [N [ | [ [N
Sbe2b TGATCAGT" CGATCCGGCTGCGAAGGCH TCC AGG 135

She2a TACT! TTTCCTCCGCAGA CACTCAACCTGAAGAACTACAG 160

[ I [ [

111 !
She2b GCTCCCOGACTCACC TAGTCTTCC CTCTTCTTAACTC! o 215
2bGSP1

Sbe2a ATACC-T--GAAGCAGAACTG-ACTGTGGAGAAGACATCCTC-CT-CA-CCAACT-CAMACA~ ~ACAT -CAG-CAGTGG~ 227
[ N A I A L O O e o S O O N A A |

Sbe2b 'GGATGTTC -GCAC --~CAT GGCCG~CGGC - - ~CAGGA-AGGCGGTCA-TGGT 278
Sbe2a -C-TGAAGCAAGC "TGA-GGC~T CTGAGCTC - - ~TCA( T T 292
[y Il lII!IIHI{II Porvr e it i [ A
Sbe2b TCC GCATCA- AGGGCTGA-CTCGGCTCA- ATTCCAGTCGGAT-GARC-TGGA 347
2 - —
Sbe2a TAC! AACCA-A-AA--~T ATCAAAGC-~CABRAGCACC, 357
ey ! e | IR N e e A N [
She2b GGTACC TTCTGARG-. TGGTAT -GCTCAR-GC-C---T--TG-A--A--- 410
2aGSP “—_L
Sheza ACCAC -cccace: TCGG 430
Ly PV L b b bl ekt 1 IIHIIHIIIIIII\IIIIII |
Sbelb A R ce: GCAAGGCTATAAG 486
-5 'Divergent tart of Conserved Region
Region
sbe2a
31.0% 78.1 % 29.1 %
Similaricy Similarit Similarity
Sbe2b
3' UTR
End of Conserved Region Divergence
She2a GITCTTTCTCGOTCTATGCACCCAGCAGAACA-GCCG! AC ACA 2,453
Lt llllllll Led Lt terkerget 1 lllllll“l l\ IS I \
She2b T GT ACH TC’ -GAGT- '‘GGGGT-A 2,500
SbeZa ACA --CCA-CTGCCA-—--C-G-C-G- 2,519

GO A
oo g L L N O e O e e A A | [
Sbe2b -CT-CG-TTGCTGCS AACCTTCTTCCAAAACCGGCAGA 2,566

Sbe2a --C -TGC--C: TGCCC GACCACGTGGCAGGACGATCAGCTATTCAGGTCGATAGGTTAGCT 2,589
boobriy e ey i i i i i il 1
Sbe2b TGCATGCATGCATGCTAC! . ~PT---T 2,603
SbeZa TACCGATGAGCTC 'TTCGAGTGACTGGT CTCGCACACCGCATTTTCGC! TCTGAAAR 2,669
i Il | 1 [ A | [ |
Sshezb G- ~=-G-=CC-C--A--—TG--==-=-====---- - e 2,625
Sbeza TGTA TATGGCATCAGTAGGC: "TCATCTCGC CAAC-CAT-T-TACG 2,742
LEEEELE [
She2b -~-CATCTCGCTGCGTTGTCCT-CTC-TATATA-~ 2,653
Sbe2a CTATA---CTC--C T ~T-GC-T ---GC 2,763
(LA [ | [ . Ll Ll
Sbe2b “TTC, ARTTAAAC TTCGTTTTTCGC 2,701

Figure 2. Maize She2a and Sbe2b cDNAs are highly divergent at the
5' and 3’ ends. Sequences that are identical in both cDNAs are
indicated by vertical bars. Sequence positions where the 5’ region of
low similarity ends and the 3’ region of low similarity begins are
indicated by arrows. Sequences of the central portions of the two
cDNAs that are highly conserved are not shown. The sequences of
Sbe2a and Sbe2b gene-specific probes for genomic Southern, north-
ern, and RPA analysis are indicated by arrows and labeled as 2aGSP,
2bGSP2, and 2bGSP1, respectively. DNA sequence comparison by
the Martinez-Needleman-Wunch algorithm (gap penalty, 1.10; gap-
length penalty, 0.33; and minimum match, 9) was implemented with
Lasergene software (DNASTAR, Inc.).

A portion of the ae-Bl pooled SBEIla peak fractions
from a Sephacryl S-300-HR column was fractionated by
preparative SDS-PAGE, blotted onto a PVDF membrane,
and subjected to N-terminal peptide sequencing. The
N-terminal sequence of SBEIla from ae-B1 endosperm was
‘AGA’PGKVLVPGGGS (single quotation marks indicate

N-terminal sequence
AGAPGKVLVPGGGS
SBEITa DAFSRTVLSCAGAPGKVLVPX
BEEEEEEEEEI N ez
SBEIIb MAFRVSGAVLGGAVRAPRL

ODLLSSAEP' vuluk‘nnLQIPEAELA EKTSSSPTQTTSAVAEASS 80
| seresss lese: o ozszs o33 sxsrrs.oizssosles:
FRETGLFLTRGARVG( AAAAARK PEGENDG 70
SBE[[b maiure

SBEILa GVEAEERPEL SEVIGVGG‘TGGTKIDGAGIKAKAPLVEEKPRVIPPPGDGQRIYEIDPMLEGFRGHLDYR 149
Il izl LTIl lll oz bt =11 11
E‘I‘TCGAGVADAQAL——NRVRVVPPPSDGQKIFQIDPMLQGYKYHLEYR 138

i3

8BEIIb LASRADSAQFQSDELEVPDI

SBEITa YSEYKRLRAAIDQHEGGLDAFSRGYEKLGFTRSAEGITYREWAFPGAYSAALVGDFNNWNPNADAMARNEY 219
A1 0 Tes VTV EEE DER =l P e LECPEEE R o O b s sl 1.
SBEIIb YSLYRRIRSDIDEHEGGLEAFSRSYEKFGFNASAEGITYREWAPGAFSAALVGDVNNWDPNADRMSKNEF 208

SBEIIa GVWEIFLPNNADGSPAIPHGSRVKIRMDTPSGVKDSIPAWIKFSVQAPGEIPYNGIYYDPPEEEKYVFKH 289
PRI EV D e s RUTTE0D DEEEEEE VTRV L=y ety |
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s1 H1 82
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SPLELEETE e b v e e te b e ey et et errrreingn
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SBEIIa PSSREGTFED LIDKAHELG’ELVLmuL DGL DGTDTHY 429
II!IIIII!IHIII[III|I|KIII1IIII|I(|IIIIIII1|I|IIIIIIIHHIIIII(II
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ALe ORI e e e bbb o= e g e
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SBEIla SDHSYVSRKHEEDKVIIFERGDLVFVFNPHWSNSYFDYRVGCFKPGRYKIVLDSDDGLFGGFSRLDHDAE 779
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SBEIIa YFTADWPHDNRPCSFSVYAPSRTAVVYAPAGAEDE 814

ST -

Figure 3. Maize SBElla and SBEIlb share very high sequence and
structural similarities. 1dentical amino acids are indicated with ver-
tical bars, similar amino acids with colons, and related amino acids
with dots. The amino acid sequences in regions of predicted
B-strands (S1-58) and a-helices (H1-H8 and HO) are indicated with
brackets. The residues participating in the active site of glucanases
are denoted with A. The three Pros at the beginning of the conserved
region are indicated by brackets and labeled P. The N-terminal
sequence of purified SBEla protein from ae-B71 endosperm is pre-
sented on top of the corresponding deduced amino acid sequences.
The first three amino acids, labeled with single quotation marks, are
the most prevalent of several alternatives in the first three cycles of
sequencing. The start of the SBEIIb mature protein as determined by
N-terminal sequencing is also indicated (Fisher et al., 1993). Protein
sequence comparison by the Lipman-Pearson algorithm (gap penalty,
4; gap-length penalty, 12; and Ktuple, 2) was implemented by La-
sergene software (DNASTAR, Inc.).
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Figure 4. Immunological comparison of SBElla purified from ae-B1
endosperm with SBElla- and SBElIb-enriched fractions from W64A
endosperm. One microgram of ae-B1 endosperm SBElla purified
through a Sephacryl $-300-HR column to near homogeneity and 10
ug of total protein from W64A endosperm SBEIla and SBEIIb fractions
purified through a DEAE-Sepharose Fast-flow column were separated
by SDS-PAGE, blotted, and detected with an anti-SBEIl antibody
(Fisher et al., 1996a; Mu-Forster et al., 1996). The SBElla fraction of
W64A endosperm contains some contaminating SBEIIb, as described
previously (Fisher et al., 1996a). Positions of molecular mass markers
(not shown) are indicated on the left.

the most prevalent amino acid of several alternatives in the
first three cycles). The 14 N-terminal amino acids of the
purified SBEIla protein perfectly match the amino acid
sequence deduced from the putative She2a cDNA (Fig. 3).
The sequence at the predicted cleavage site (RTVLSC | A)
is similar to the proposed consensus (R'/(X*/c| A) of
chloroplast transit peptides (Gavel and von Heijne, 1990),
suggesting that the mature SBEIIa protein starts with Ala.
The precise match of 14 N-terminal amino acids of the ae-B1
endosperm SBElla to that of the deduced SBEIla protein
strongly supports the conclusion that the newly isolated
Sbe2 cDNA encodes maize SBEIIa.

The She2a Gene Is Expressed at a Very Low Level in
Most Tissues

The expression of the putative Sbe2a gene in various
tissues and organs of normal W64A and ae-B1 plants was
investigated by northern analysis using a Sbe2a-specific
probe (2aGSP). This 2aGSP probe was derived from the
highly divergent, 380-bp 5’ end of the She2a cDNA (Fig. 2).
This probe does not hybridize to the Sbe2b cDNA under
high-stringency conditions (see below). As shown in Figure
5, a transcript of about 2.8 to 2.9 kb was detected at a low
level in endosperm of both normal W64A and ae-B1 plants.
Embryos of both normal W64A and ae-B1 showed the
highest level of She2a transcript among all of the tissues
examined. The She2a gene was also expressed in young
stem and tassel tissues. A very weak Sbe2a transcript level
was detected in RNA extracted from roots of 9-d-old seed-
lings. The presence of the Sbe2a transcript in seedling roots
was also confirmed by RT-PCR (data not shown).

To unequivocally detect the two very similar She2a and
Sbe2b transcripts and evaluate their expression levels, RNA
samples were further analyzed by RPA, which has the
advantage of higher sensitivity and specificity than north-
ern analysis. More importantly, it can accommodate mul-
tiple probes in a single hybridization experiment, eliminat-
ing potential artifacts of serial membrane hybridizations.
The antisense probes specific to Sbe2a and Sbe2b were de-
rived from the 5’ 455- and 244-bp divergent regions of the
two genes, including short stretches of transcribed vector
sequences. Transcripts of the two genes in total RNA were
expected to specifically protect the complementary 380-
and 214-bp sequences of the antisense probes against
RNase digestion, as illustrated in Figure 6A. Known
amounts of sense RNA fragments in vitro-transcribed from
subcloned Sbe2a and Sbe2b cDNAs (see “Materials and
Methods”) were used as standards.

The transcript levels of the Sbe2a and Sbe2b genes in
various tissues measured by RPA are summarized in Table
II. Consistent with northern analysis (Fig. 4), a low level of
Sbe2a transcript was detected in W64A endosperm. On a
total RNA basis, it was approximately 10 times lower than
in the embryo, and 35 times lower than the Sbe2b level in
normal endosperm. Note that in order to have the signal
strength of both protected fragments in the linear range of
the x-ray film for a single exposure, the Sbe2b antisense
probe used in analysis of total RNA from endosperm and
embryo was labeled with one-fourth of the maximal biotin-
14-CTP concentration used for labeling of Sbe2a. The Sbe2a
transcript in ae-B1 endosperm was approximately 3-fold
higher than in normal endosperm. This is similar to the
increase in transcript level of several starch synthetic genes
in nonallelic maize endosperm mutants reported by Giroux
et al. (1994), possibly indicating a metabolite feedback con-
trol mechanism.

As in the northern analysis, embryos of both normal
plants and ae-BI mutants have the highest levels of the
Sbe2a transcript on a total RNA basis (Table II). However,
in total RNA from normal embryos, the Sbhe2b transcript
level is approximately 3-fold higher than that of Sbe2a. In
contrast, the Sbe2b transcript was not detected by RPA in
embryos from ae-B1 mutant kernels, which is consistent
with previous northern analysis results (Fisher et al.,
1996a). Young roots from 2 DAE seedlings showed a Sbe2a
transcript level similar to that of embryos. This is in con-

En 22 Em 22
1 1

~
b 4 Q
=

&
<
Sbe2a

Figure 5. Expression of She2a in various tissues of normal W64A and
ae-B1 maize plants. Thirty micrograms of RNA from 22 DAP en-
dosperm (En 22) and 22 DAP embryo (Em 22) of W64A or ae-B1
kernels, 25 DAE leaves (Leaf-25), 9 DAE root (Root-9), young stem,
and tassels were fractionated on a 1.2% formaldehyde gel, blotted,
and probed with a Sbhe2a-specific probe (2aGSP, 380-bp 5’ end
fragment, Fig. 2). Autoradiography was for 4 d.
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Figure 6. RPA of Sbhe2a and She2b mRNA in various tissues of ae-BT
and normal W64A plants. Antisense probes specific to She2a (2aGSP)
and Sbe2b (2bGSP1) were used in RPA. Twenty micrograms of total
RNA from various tissues except 2 DAE root (40 ug) were used. Two
nanograms of each of the two antisense RNA probes mixed with 20 pg
of yeast RNA were used for controls. RNase A and T1 were omitted from
the digestion buffer for the positive probe control (+Probe), and added
to the RNase digestion control (—Probe). The in vitro-transcribed sense
RNA of She2b (2bStd) and She2a (2aStd) were used as standards for
quantification. An example with a Sbe2b to Sbe2a molar ratio of 26
(225.5-14.4 pg) is shown (+ Standard). Note that the Sbe2b probes for
RPA analysis of endosperm and embryo total RNA and for the positive
control were labeled with one-fourth of the maximal biotin-14-CTP
concentration, and with one-half of the maximal for RPA analysis of root
and leaf total RNA. The She2a probe was maximally biotinylated. A,
Schematic illustration of the RPA analysis. B, Gel analysis of protected
probe fragments. The protected, biotinylated probe fragments were
resolved on a 5% denaturing polyacrylamide gel, blotted, and detected
with streptavidin-alkaline phosphatase conjugates. The light emitted
from the chemiluminescent reaction catalyzed by alkaline phosphatase
was detected by exposure to x-ray film for 2.5 min.

trast to the very low level of the Sbe2a transcripts detected
by northern analysis and RT-PCR in roots of 9 DAE seed-
lings. If SBEIIa is higher in the relatively starch-rich root
tips, then the reduction in Sbe2a transcript levels in older
seedling roots may result from a dilution of the root-tip
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mRNA with mRNA from the rest of the root. Whether the
decrease in the Sbe2a transcript in developing roots has any
physiological significance awaits further analysis. An in-
termediate level of the Sbe2a transcript was observed in
maize leaves.

There are several reasons we believe that the residual
Sbe2b transcripts in ae-B1 endosperm detected by RPA were
most likely truncated and nonfunctional. First, no SBEIIb
protein or activity was detected in ae-B1 endosperm (Fisher
et al., 1996a). Second, the Sbe2b transcript of normal size
was not detectable in the ae-B1 endosperm by northern
analysis, although a weak smear of possibly truncated
messages was detected (Fisher et al.,, 1996a). Finally, the
RPA procedure can detect even severely truncated tran-
scripts because the Sbe2b antisense probe is short and de-
rived from the extreme 5’ end of the Sbe2b cDNA.

As observed with northern analysis (Fisher et al., 1996a),
no residual Sbe2b transcripts were detected by RPA in the
embryo of ae-B1 mutant kernels, even with the Sbe2b probe
labeled with one-half of the maximal biotin-14-CTP con-
tent. No Sbe2b transcripts were detectable by RPA in young
roots and leaf tissues, which is also consistent with bio-
chemical and northern analysis (Dang and Boyer, 1988,
1989; Gao et al., 1996).

Sbe2a and She2b Genes Reside at Different Genomic
Restriction Fragments

To investigate the genomic structure of the She2a and
Sbe2b loci, Southern genomic analysis was performed with
gene-specific probes. Genomic DNA extracted from W64A
kernels was digested with several restriction enzymes, blot-
ted, and analyzed by hybridization with gene-specific Sbe2a
(2aGSP) and Sbe2b (2bGSP2) probes. The gene-specific
probes were derived from the highly divergent 5' end re-
gions of the two cDNAs (Fig. 2). As shown in Figure 7, the
two gene-specific probes hybridized specifically to their
own cDNA controls. Only one strongly hybridizing band
was detected by the Sbe2a-specific probe in genomic DNA
separately cut with four restriction enzymes (Fig. 7A). The
Sbe2b-specific probe detected one highly hybridizing band in

Table I1. The transcript level of Sbe2a and Sbe2b in 20 ug of total
RNA from various maize tissues

The data are the average of two or three measurements with st
values no more than 10%. All quantitative measurements were made
within the linear response range of the film.

Sbe2b Sbe2a Sbe2b/Sbe2a
RIMA Samiple mMRNA mRNA Ratio
fmol
Endosperm (22 DAP)
Normal 1.59 0.045 353
ae-B1 NA® 0.150
Embryo (22 DAP)
Normal 1.3 0.470 2.8
ae-B1 s 0.476
Leaves (25 DAE) - 0.249
Roots (2 DAE) - 0.440

2 NA, Not applicable.  ® Below background.
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Figure 7. Maize She2a and Sbe2b genes are encoded at different
genomic restriction fragments. Maize genomic DNA was digested
with various restriction enzymes, fractionated on a 0.8% agarose gel,
alkaline-blotted, and hybridized sequentially with She2a-specific
(2aGSP) and Sbe2b-specific (2bGSP1) probes. Linearized plasmids
containing Sbe2a or Sbe2b cDNAs were run as controls. Exposure
was for 3 d. A, Hybridization to the She2a-specific probe. B, Hybrid-
ization to the She2b-specific probe.

genomic DNA cut with BamHI, EcoRV, and Dral, and two
bands in the genomic DNA cut by EcoRI (Fig. 7B). None of
the bands in corresponding lanes are of the same molecular
mass. This evidence supports the conclusion that SBEIIa and
SBEIIb are encoded by different genes. The high-molecular-
mass band (about 11 kb) detected by the Sbe2b-specific probe
in the EcoRI-cut genomic DNA could have resulted from
incomplete digestion. Alternatively, the two bands may
have resulted from an EcoRI cut in an intron, because no
EcoRI sites are found in the cDNA probe.

DISCUSSION

Based on the data presented above and on our previous
molecular genetic analysis of alleles of ze mutants (Fisher et
al., 1996a), we conclude that maize SBEIla and SBEIIb are
the products of two unique genes. First, although the se-
quences of the putative Sbe2a and Sbe2b cDNAs and their
deduced amino acid sequences share high similarity over
an extended region, they also have regions of substantial
divergence (Figs. 2 and 3). The amino acid sequence de-
duced from the putative Sbe2a cDNA also shares common
structural features with the amino acid sequences of all
plant SBEII isoforms (Fig. 3). Thus, we can conclude that
the putative Sbe2a cDNA encodes an SBE belonging to the
SBEII family, but distinct from SBEIIb.

Second, the 14 N-terminal amino acids of SBEIla protein
purified from ae-B1 endosperm perfectly match the sequence
deduced from the Sbe2a cDNA. In addition, the molecular

mass (89,583 D) calculated from the deduced SBEIla mature
protein sequences closely matches that of endosperm SBEIla
experimentally determined by SDS-PAGE (Fig. 4). SBEIla
extracted from ae-B1 and normal W64A endosperm showed
the same behavior on a DEAE-Sepharose Fast-flow column,
had identical mobility on SDS-PAGE, and was recognized
by the same antibody (Fig. 4). These results support the
conclusion that the SBE protein purified from ae-B1 en-
dosperm is SBEIla, with characteristics identical to those
originally used when naming the Ila and IIb isoforms (Boyer
and Preiss 1978b; Preiss 1991; Fisher et al., 1996a).

Third, the expression pattern of the putative Sbe2a gene is
consistent with the known distribution of SBEIIa activity.
Very low levels of She2a transcript were detected in leaves,
endosperm, and embryos of normal and ae-B1 mutant plants
by a combination of northern analysis, RPA, and RT-PCR
methods (Figs. 5 and 6). SBEIla enzyme activity was also
reported in these tissues (Dang and Boyer, 1988, 1989). More-
over, a cDNA fragment identical to the leaf Sbe2a cDNA was
amplified from total RNA of ae-BI endosperm, indicating that
the same gene encodes SBEIIa in both leaves and endosperm.
In contrast, no Sbe2b message could be detected in maize
leaves by northern analysis, RPA, or RT-PCR methods, con-
sistent with the previous conclusion that SBEIIa is the only
SBEII-type isoform in maize leaves (Dang and Boyer, 1988,
1989). Finally, maize genomic DNA fragments detected by
Sbe2a- and Sbe2b-specific probes are completely different, in-
dicating that the two cDNAs are located on different restric-
tion fragments in the genome. Taken together, these data
support the conclusion that the putative She2a cDNA indeed
encodes maize leaf and endosperm SBEIla.

SBEIla and SBEIIb may perform different functions in the
synthesis of maize starch, because it is clear from the phe-
notype of ae mutant kernels that the loss of SBEIIb function
cannot be compensated for by SBEIla and SBEIL The loss of
SBEIIb in ae endosperm results in the synthesis of a novel
type of amylopectin with longer average chain lengths and
a reduction in total starch content (Boyer et al., 1976; Inouchi
et al.,, 1983; Shannon and Garwood, 1984). Unlike SBEIla,
SBEIIb is not expressed in leaf tissues, where transitory
starch is produced. As expected, leaf transitory starch does
not contain the novel amylopectin characteristic of ae en-
dosperm starch. The specific functions of SBEIla and SBEIIb
in starch synthesis await further investigation.

The SBEIla and SBEIIb mature proteins share 89% se-
quence similarity over 685 amino acids, accounting for ap-
proximately 85% of the total length of the SBEII isozymes
(Fig. 3). The predicted (B-a)s barrel structure and amino
acids participating in the active sites of plant SBEs are also
highly conserved in maize SBEIla and SBEIIb. The loop size
between B-strand 8 and a-helix 8, which was suggested to
have an impact on the size of branched glucosyl chains
(Burton et al., 1995), are the same in SBEIIa and SBEIIb (Fig.
3). In addition, the amino acids in the loop are highly con-
served in the two isozymes. Both isozymes indeed seem to
preferentially transfer glucosyl chains shorter than SBEI
(Takeda et al., 1993). Other in vitro catalytic properties of
SBElla and SBEIIb are also extremely similar (Preiss, 1991;
Guan and Preiss, 1993; Takeda et al., 1993).
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The only major structural difference between SBEIla and
SBEIlb mature proteins is a stretch of highly divergent
amino acid sequences from their N termini to the three
highly conserved Pros. The N-terminal divergent region of
SBEIla mature protein has a 49-amino acid extension com-
pared with the SBEIIb mature protein. In addition, the 54
amino acids in the N-terminal divergent region of SBEIIb
mature protein share a very limited similarity with their
counterparts in SBEIla mature protein (Fig. 3). A short,
highly divergent region at the N termini was also observed
in the two members of the SBEII family in A. thaliana
(Fisher et al., 1996b). These short stretches of divergent
amino acids at the N termini of SBEIla and SBEIIb may
define differences in their noncatalytic properties.

An intriguing question arises from the comparison be-
tween the transcript levels of the Sbe2a and Sbe2b genes and
their encoded protein levels. The Sbe2b transcript level is
35-fold higher than that of Sbe2a in normal endosperm (Ta-
ble II). However, the SBEIla protein level is approximately
one-fourth to one-half of the SBEIIb protein level, as esti-
mated from the protein content of SBElla and SBEIIb frac-
tions from the DEAE-Sepharose Fast-flow column when
correcting for contaminating SBEIIb in the SBEIla fractions.
This large discrepancy may indicate that the She2a message
may be more efficiently translated or that the SBEIla protein
is more stable than the SBEIIb protein. The cloning of the
Sbe2a cDNA clears up the long-standing controversy regard-
ing the genetic control of SBEIIa and SBEIIb and provides a
new tool for studying the biochemical properties, genetic
regulation, and roles of SBEs in starch synthesis.
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