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The Bean Seed Storage Protein B-Phaseolin Is Synthesized,
Processed, and Accumulated in the Vacuolar Type-Il Protein
Bodies of Transgenic Rice Endosperm’
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The seed storage protein pB-phaseolin of the common bean
(Phaseolus vulgaris L.) was expressed in the endosperm of trans-
genic rice (Oryza sativa L)) plants. The 5.1- or 1.8-kb promoter
fragment of the rice seed storage protein glutelin Gt1 gene was
fused transcriptionally to either the genomic or cDNA coding se-
quence of the B-phaseolin gene. The highest quantity of phaseolin
estimated by enzyme-linked immunosorbent assay was 4.0% of the
total endosperm protein in the transgenic rice seeds. The phaseolin
trait was segregated as a single dominant trait with a positive gene
dosage effect and was stably inherited through three successive
generations. Both phaseolin genomic and cDNA coding sequences
were used to synthesize four isoforms of mature phaseolin protein
with apparent molecular masses of 51, 48, 47, and 45 kD. Enzyme
deglycosylation experiments indicated that the 51-kD form contains
high-mannose N-glycans; the 48- and 47-kD forms have further
modified N-glycans; and the 45-kD form is a nonglycosylated pro-
tein. Immunolabeling studies using light and electron microscopy
demonstrated that phaseolin accumulates primarily in the vacuolar
type-ll protein bodies located at the periphery of the endosperm
near the aleurone layer. We discuss the implications of these results
on nutritional improvement of rice grains.

Cereal and legume grains are major sources of nutrition
for humans, cattle, and other animals. However, simulta-
neous consumption of cereal and legume grains is neces-
sary to complement the proper composition of essential
amino acids for human nutrition. Legume seeds are defi-
cient in sulfur-containing essential amino acids (Met and
Cys), whereas cereals have low contents of Lys and Ile. The
traditional breeding approach has not been very successful
in overcoming the amino acid limitations of cereal and
legume grains (Mertz et al., 1964; Loesch et al., 1976;
Delaney and Bliss, 1991). An alternative approach using
protein engineering and gene transfer for amino acid en-
hancement has been initiated recently (Ohtani et al., 1991;
Dyer et al., 1993).
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Phaseolin is a 7S globulin and is a major component of
common bean seeds. In developing bean cotyledons,
phaseolin is synthesized on polysomes of the RER (Bollini
and Chrispeels, 1978). The nascent polypeptide enters the
lumen of the ER, where the signal peptide is cleaved co-
translationally (Chrispeels, 1991). The polypeptide is gly-
cosylated by a high-Man glycan, folded into the proper
tertiary structure, and assembled into a trimer. The last two
processes may be mediated by a binding protein-like chap-
eronin (D’ Amico et al.,, 1992; Vitale et al., 1995). Phaseolin
trimer is transported by bulk flow from the ER to the Golgi
apparatus, where some high-Man glycans are converted to
complex glycans (Sturm et al., 1987). Glycosylated phase-
olin trimer is targeted to the vacuole and packaged into the
protein body.

Rice (Oryza sativa L.) seed storage proteins consist of 80%
glutelin, 5% prolamine, and others. Rice is unique in that
two types of protein bodies coexist in the endosperm
(Yamagata et al., 1982). The type-I protein body is spherical
with a concentric ring structure under EM and contains
prolamine, whereas the type-II protein body does not have
this ring structure and is rich in glutelin and globulin.
Prolamine and glutelin transcripts are spatially segregated
into two distinct RER membranes (Li et al., 1993a). Prola-
mine mRNAs are attached directly to the membrane of
prolamine protein bodies (the so-called protein body ER).
Binding protein facilitates prolamine folding and assembly
into the type-I protein bodies (Li et al., 1993b). Glutelin
mRNAs are translated on the cisternal ER surface. The
nascent glutelin polypeptides are then processed in the ER
lumen, transported to the Golgi apparatus, and targeted to
the type-II vacuolar protein bodies. Although developing
rice endosperm produces similar steady-state levels of pro-
lamine and glutelin mRNAs, glutelin mRNAs seem to be
much more efficiently translated, leading to much higher
accumulation of glutelin than prolamine (Okita et al., 1989).

Rice is the first cereal crop in which fertile transgenic
plants were generated with ease and certainty (Shimamoto
et al,, 1989; Hayashimoto et al., 1990). Progressive 5'-dele-
tion analysis of the Gtl gene in transgenic rice demon-
strated that the 5.1- and 1.8-kb promoters directed tempo-

Abbreviations: Endo H, endoglycosidase H; FITC, fluorescein
isothiocyanate; PNGase F, peptide N-glycosidase F.
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rally regulated and endosperm-specific expression of the
GUS reporter (Zheng et al., 1993). Since the overall content
of Lys (3.4%) in rice grains makes it the first limiting amino
acid, as in other cereals, the bean B-phaseolin, with a
relatively high Lys content (6.0%), was introduced into
transgenic rice to improve the nutritional quality of rice
grains. Here we report the genetic, biochemical, and sub-
cellular localization studies of the introduced phaseolin in
transgenic rice endosperms. The phaseolin constituted up
to 4% of the total rice endosperm protein. The phaseolin
gene and its high expression were inherited through three
successive generations as a single dominant trait with a
positive gene dosage effect.

MATERIALS AND METHODS
Construction of Phaseolin Fusion Genes

Both genomic and cDNA coding sequences of the com-
mon bean (Phaseolus vulgaris L.) B-phaseolin gene were
placed under the control of either the B-phaseolin promoter
(Slightom et al., 1983) or the rice (Oryza sativa L.) glutelin
Gtl gene promoter (Okita et al., 1989). A 1.3-kb HindIlI-
EcoR] fragment containing the phaseolin 782-bp promoter
was ligated to the EcoRI/BamHI fragment containing the
whole genomic or cDNA coding sequence and downstream
region from AG-pPVPh3.8 or AG-pPVPh3.8/cDNA, result-
ing in pTRA321 and pTRA322, respectively (Fig. 1). The
plasmids AG-pPVPh3.8 and AG-pPVPh3.8/cDNA were
kindly provided by Dr. J.L. Slightom (Upjohn Co., Kalama-
z00, MI) (Cramer et al., 1985).

The phaseolin and glutelin promoter fragments were
fused transcriptionally to the phaseolin coding sequences
via a BgIII site. The BglII site was introduced at a point 13

pTRA321

Phs pro Phs cDNA
pTRA322 ————RNNNSN]

pTRA323
Gt 1.8 kb pro Phs cDNA hph
pTRA324 RIS =l
Gt 5.1 kb pro Phs genomic
pTRA327 ANNNG NN E—

Phs cDNA

hph Gt 5.1 kb pro
T e RN @ NN

pTRA328

Figure 1. Abbreviated structures of six phaseolin fusion genes used
for rice transformation. The phaseolin genomic or ¢cDNA coding
sequence was placed under the control of the native bean B-phase-
olin or resident rice glutelin promoters. Black boxes indicate introns
in coding sequences. Arrows indicate transcription direction of the
hph gene. Gt 1.8 or 5.1 kb pro, The 5.1- or 1.8-kb promoter fragment
from the rice seed storage protein glutelin gene (Gt1); Phs pro, the
783-bp promoter fragment from the bean seed storage protein
B-phaseolin gene; Phs genomic or cDNA, the genomic or cDNA
coding sequence and downstream region of the phaseolin gene; hph,
hygromycin phosphotransferase gene.
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or 19 bp in front of the initiation codon of the glutelin and
phaseolin coding sequences, respectively (Zheng et al.,
1993). The 1.8-kb Gtl promoter was isolated as an EcoRI-
Bglll fragment and fused to the phaseolin genomic or
c¢DNA coding sequences in a Bg/Il/ BamHI fragment, form-
ing pTRA323 and pTRA324, respectively. The 1.8-kb Gtl
promoters in pTRA323 and pTRA324 were replaced by the
5.1-kb Gt1 promoters in Kpnl-Bgl/ll fragments, resulting in
PTRA327 and pTRA328, respectively. A hygromycin-resis-
tance gene from pTRA141 (Zheng et al., 1991) was cloned
into these transformation vectors as a selectable marker for
rice transformation.

Transgenic Rice Production

The above-described vectors were used to transform rice
protoplasts (cv Nipponbare) after PEG treatment as de-
scribed by Li et al. (1990). Nurse cells of rice cv Taipei 309
or cv OC were used in protoplast culture.

ELISA Estimates of Phaseolin Quantity

Salt-soluble globulins, including phaseolin, were ex-
tracted from approximately 10 mg of rice endosperm pow-
der by homogenization in 1.0 mL of PBS (137 mm NaCl, 3
mwm KCl, 12 mm PO,, pH 7.4) with a Brinkmann homoge-
nizer. After vigorous shaking at 4°C for 30 to 60 min, the
homogenate was centrifuged. The recovered supernatant
was collected as a salt-soluble protein fraction and stored
for later use at —20°C. Pellets containing prolamine and
glutelin were solubilized in 1 N NaOH and used for protein
assay.

The amount of phaseolin in PBS extracts was estimated
by ELISA using rabbit anti-phaseolin antibody conjugated
to alkaline phosphatase (Engvall and Perlmann, 1972). To-
tal protein quantity was estimated by the Bradford method
using BSA as a standard (Bradford, 1976).

Southern Blot Hybridization Analysis

Total DNA was extracted from seedlings or mature
leaves of transgenic rice plants (Rogers and Bendich, 1985).
Crude DNA preparations were purified by CsCl equilib-
rium density centrifugation (Hayashimoto et al., 1990). Ten
micrograms of rice DNA were digested with EcoRI or/and
HindlIll, extracted with a phenol/chloroform mixture, and
precipitated by ethanol. The amount of recovered DNA
was estimated spectrophotometrically. Five micrograms of
digested DNA were fractionated electrophoretically on a
0.7% (w/v) agarose gel. Fractionated DNA was transferred
to a Nytran membrane using procedures suggested by
Schieicher & Schuell. The 0.75-kb EcoRI-Xbal fragment rep-
resenting the 5’ half of the phaseolin coding sequence was
labeled with *>*P by an oligonucleotide labeling procedure
(Sen and Murai, 1991) and used as a probe for Southern
blot hybridization.

Western Blots and Two-Dimensional Gel Electrophoresis

For western blots, protein samples were fractionated by
SDS-PAGE on a 12% (w/v) gel and electrophoretically
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blotted onto a nitrocellulose membrane. Phaseolin was
identified using rabbit anti-phaseolin antibody conjugated
to alkaline phosphatase and visualized using 5-bromo-4-
chloro-3-indolyl phosphate and nitroblue tetrazolium (Ey
and Ashman, 1986).

Two-dimensional gel electrophoresis was performed us-
ing a Bio-Rad Protean II system according to O’Farrell
(1975). Protein samples were first separated isoelectrically
in a 1:4 mixture of Bio-lyte pH3-10 and pH5-7 (Bio-Rad),
followed by SDS-PAGE on a 12% (w/v) gel.

Enzyme Digestion Analysis of the Glycosyl Moiety of
Phaseolin

To minimize protein degradation during extraction,
globulins were extracted with acid salt buffer (0.5 m NaCl,
0.5 M Gly, 0.02% [w/v] NaNs, 2 mMm PMSF, pH 2.4). One
gram of endosperm powder was homogenized in 5 mL of
the buffer and vigorously shaken at room temperature for
1 h (Delaney and Bliss, 1991). Phaseolin was precipitated
from the supernatant by addition of 4 volumes of water
(Sun and Hall, 1975). Initially, 1.5 volumes of cold, distilled
water were added, followed by an additional 2.5 volumes
of water after a second centrifugation. The pH was ad-
justed to 5.3 to enhance the phaseolin precipitation. Pellets
of phaseolin precipitates collected were lyophilized and
dissolved in PBS.

Endo H and PNGase F were used according to the in-
structions of Boehringer Mannheim. Approximately 2 ug
of phaseolin were denatured by boiling for 5 min in the
presence of 0.02% (w/v) (Endo H) or 0.2% (PNGase F) SDS
before digestion.

immunolabeling Studies by Light Microscopy and EM

Immature rice seeds were harvested approximately 10
DAF. Endosperms were sliced transversely into several
pieces, fixed in 3% (w/v) glutaraldehyde at 4°C overnight,
and washed five times with 0.1 M sodium phosphate (pH
7.2). After sequential dehydration steps in ethanol, fixed
endosperm preparations were washed twice for 20 min
each and embedded overnight at 45°C in LR White resin
(hard grade, London Resin Co. Ltd, London, UK). Embed-
ded endosperm samples were cut with a microtome into
2-pum-thick sections for light microscope observation and
into 50- to 70-nm sections for EM study.

Endosperm sections were hydrated for 30 min in 20 mm
Tris-HCI (pH 8.2) containing 225 mm NaCl, 20 mm NaNj,
and 0.1% (w/v) BSA. Hydrated sections were first treated
overnight with a primary antibody, either rabbit anti-
phaseolin or mouse anti-glutelin antibody. Sections were
reacted for 2 h with a secondary antibody, goat anti-rabbit
IgG conjugated with FITC or 30-nm gold particles, or goat
anti-mouse IgG conjugated with 15-nm gold particles (Am-
ersham), respectively.

Thin sections for EM study were stained with 2% (w/v)
uranyl acetate at 45°C for 30 min and with 2% (w/v) lead
acetate at room temperature for 5 min and examined under
a transmission electron microscope (Nippon Electric [To-

kyo, Japan] JEM-1200EX). An Olympus IMT-2 light micro-
scope was used with a G520 filter to eliminate wavelengths
greater than 540 nm.

RESULTS

Six Phaseolin Fusion Genes Were Introduced into
Transgenic Rice

Six different phaseolin fusion genes were constructed
and used for rice protoplast transformation in this study.
Figure 1 lists the abbreviated structures of the plasmid
vectors tested. We used both the genomic and ¢cDNA cod-
ing sequences of the B-phaseolin gene because of the un-
certainty concerning the effective processing of dicotyle-
donous bean introns in monocotyledonous rice nuclei.
Similarly, we chose to test the promoters of both bean and
rice seed storage protein genes because there was no per-
tinent information available concerning the efficiency of
bean promoter expression in rice at the time of gene
construction.

A 782-bp phaseolin promoter was fused transcriptionally
to the 1990-bp phaseolin genomic coding and 1100-bp
downstream regions in pTRA321 or to the 1475-bp phase-
olin cDNA coding and 1100-bp downstream regions in
pTRA322. Thus, an authentic phaseolin gene from the na-
tive common bean is recreated in pTRA321. A 1.8-kb pro-
moter fragment of the rice seed storage protein glutelin
gene Gtl was fused to either the phaseolin genomic coding
sequence in pTRA323 or the phaseolin <cDNA coding se-
quence in pTRA324. The 1.8-kb Gt1 fragments in pTRA323
and pTRA324 were replaced with the 5.1-kb Gt1 promoter
in pTRA327 and pTRA328, respectively.

Approximately 200 hygromycin-resistant calli were ob-
tained per million protoplasts after PEG-mediated trans-
formation, nurse culture, and selection. Plantlets were re-
generated from calli via somatic embryogenesis with up to
20% efficiency. The number of transgenic plants grown to
maturity in the greenhouse was 11, 14, 32, and 27 for
constructs 323, 324, 327, and 328, respectively. Approxi-
mately two-thirds of the plants set viable seeds, and phase-
olin was detectable by ELISA in one-half of the fertile
plants tested. Transgenic plants were numbered according
to the vectors used for transformation.

The 5.1-kb Glutelin Promoter Directed the Highest
Phaseolin Expression in Seeds

The total quantity of phaseolin accumulated in seeds of
primary transgenic plants was estimated by ELISA using a
polyclonal antibody against bean phaseolin. One end of the
endosperm was sliced to take endosperm sections for
ELISA assay and the other end, containing the embryo, was
used to germinate F, seedlings. Endosperm samples were
pooled from 10 seeds for each plant, since the introduced
phenotype is expected to segregate among F; progeny.
Phaseolin content in pooled seeds of each transgenic plant
was expressed as a percentage of total endosperm protein
and is represented by dots in Figure 2. A wide variation in
phaseolin expression level was observed among the plants
transformed with the same DNA construct. When four
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Figure 2. Phaseolin expression in endosperms compared among four
groups of primary transgenic rice plants containing four different
phaseolin fusion genes all under the control of the rice glutelin
promoter. The phaseolin quantity was estimated by ELISA, and
phaseolin contents are expressed as a percentage of total endosperm
protein in 10 pooled seeds per plant. Each dot represents the phase-
olin expression level in an independently transformed plant.

different phaseolin fusion genes all under the control of the
rice glutelin promoters were compared, the 5.1-kb Gtl
promoter directed higher phaseolin expression than the
1.8-kb Gtl promoter. The phaseolin genomic coding se-
quence, which contains five small introns, gave numeri-
cally higher, but not statistically significant, expression
than the intron-free cDNA coding sequence under the con-
trol of either the 5.1- or the 1.8-kb Gt1 promoter. This result
suggests that the existence of introns into the dicot bean
coding sequences did not interfere with gene expression in
monocot cells. No phaseolin was detectable in either em-
bryos or endosperms of any seeds of rice plants containing
the phaseolin coding sequences under the control of the
native bean promoter, indicating that the dicot bean pro-
moter worked poorly or did not function at all in the
monocot rice nuclei. The highest phaseolin quantity in
pooled seeds was 2.2% of total endosperm protein of plant
327-3. However, when individual seeds were analyzed for
phaseolin level, the phaseolin content in the homozygous
seed 327-3-12 reached 4.0% of the total endosperm protein
(Fig. 3).

Progeny Segregation Analysis and Positive Gene Dosage
Effect of the Phaseolin Trait

Segregation of the phaseolin trait was investigated by
ELISA among individual seeds of the three selfed primary
transgenic plants 323-5, 327-3, and 327-9. Figure 4 illus-
trates the result from such analysis of plant 327-9. The
phaseolin-positive and -negative phenotypes segregated in
a 3:1 ratio among 30 to 50 seeds tested in all three plants,
indicating that the transferred gene was inserted into a
single chromosomal locus or closely linked loci in a chro-
mosome. Moreover, there appear to be three quantitatively

Plant Physiol. Vol. 109, 1995

distinct levels of phaseolin expression among the phaseo-
lin-positive progeny, each level representing roughly one-
fourth of the total seed population. This observation sug-
gests a positive gene-dosage effect on the phaseolin
expression, with phaseolin content reflecting the presence
of one, two, and three copies of the phaseolin gene in the
endosperm (31). To test the genotype of F, plants, seeds of
primary transgenic plants 323-5 and 327-3 were germi-
nated and grown to mature plants, and segregation of the
phaseolin trait was analyzed in individual F, seeds (Fig. 3).
This analysis demonstrated that phaseolin contents in en-
dosperms were higher in homozygous seeds (no segrega-
tion in F, seeds) than in heterozygous seeds (3:1 segrega-
tion in F, seeds). Furthermore, no segregation of the
phaseolin trait was observed in the F, generation derived
from 323-5-14 and 327-3-12, confirming that they are sta-
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Figure 3. Positive gene-dosage effect and stable inheritance of the
phaseolin trait. A, Phaseolin contents in endosperms of primary
transgenic plant 323-5 and progeny segregation analysis (phaseolin
positive:negative) in F, seeds. B, The same for primary transgenic
plant 327-3.



Phaseolin Expression in Rice 781

3.00%

2.00% 1

0.00%

Phaseolin Per Total Endosperm Protein

TOONDOO-NMT —anw

N © ©
EE R R

FO Individual Seeds of Primary Transgenic Plant 327-9

Figure 4. Progeny segregation analysis of the phaseolin trait in indi-
vidual seeds of primary transgenic plant 327-9. The phaseolin quan-
tity of each endosperm was estimated by ELISA, and phaseolin
contents are expressed as a percentage of total endosperm protein.

ble, homozygous lines for the phaseolin trait. These results
demonstrated that the introduced phaseolin gene was sta-
bly inherited as a single Mendelian trait through three
successive generations and also indicated a positive gene-
dosage effect on the expression level of phaseolin in trans-
genic rice endosperms.

Physical Structure of Transferred Phaseolin Genes in the
Rice Genome

The physical structures of the introduced phaseolin gene
in the genome of representative plants were probed by
Southern blot hybridization analysis (Fig. 5). DNA was
isolated from two F, plants, 323-5-14 and 327-3-10, that
are homozygous for the phaseolin trait (Fig. 3) from off-
spring of the cross 323-5-14 X 327-3-10, and from two F1
plants, 327-3-3 and 327-3-4, with no detectable phaseolin
expression. Rice DNA was digested with HindIll and
probed with a *’P-labeled 0.75-kb EcoRI/Xbal fragment
derived from the 5' half of the phaseolin coding sequence.
The transformation vector pTRA323 contains two HindIII
sites (Fig. 5B), and HindIll digestion should generate a
4.8-kb fragment of the intact phaseolin fusion gene com-
prising the 1.8-kb Gt1 promoter and the 3.0-kb genomic
coding/downstream region (Fig. 5A, lanes 1 to 3). DNA
from plant 323-5-14 had a 4.8-kb signal (Fig. 5A, lane 4),
indicating the existence of the intact phaseolin fusion gene
in the genome of that plant.

Transformation vector pTRA327 has a single HindIll site
(Fig. 5B), and HindIII digestion should generate an 11-kb
fragment from the vector (Fig. 5A, lanes 8-10). However,
DNA from plant 327-3-10 had a 16-kb signal (Fig. 5A, lane
5), indicating that a second HindIIl site is located 5 kb from
the insertion site of the transferred DNA in the rice genome
(Fig. 5B). The hybridization signal is that of less than one
copy, and this is likely due to poor transfer onto the nitro-
cellulose membrane. Detection of a single band in the

genome of plant 327-3-10 suggests that this homozygous
F, plant carries a single copy of the transferred phaseolin
gene per haploid genome (Fig. 5A, lane 5). DNA from
progeny derived from a cross of two homozygous F, lines,
327-3-10 X 323-5-14, had the expected 4.8- and 16-kb
signals, indicating that the phaseolin genes from both par-
ents were stably transmitted to the genome of the progeny
(Fig. 5A, lane 6). No signal was detectable in DNA of the
phaseolin-negative plants 327-3-3 and 327-3-4, indicating
that the transferred phaseolin gene was segregated out of
these progeny plants (Fig. 5A, lane 7). These results dem-
onstrate that the physical structure of the introduced
phaseolin gene as well as the expression level of its trait
were stably inherited through three successive generations
of transgenic rice plants.
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Figure 5. Southern blot hybridization analysis of the physical struc-
ture of the introduced phaseolin gene in the rice genome. A, Ho-
mozygous progeny derived from primary transgenic rice plants
323-5 and 327-3. Five micrograms of total genomic DNA were
digested with Hindill and separated on a 0.7% (w/v) agarose gel. A
0.75-kb fragment isolated from the phaseolin genomic coding se-
quence was used as the probe as shown in B. Lanes 1 to 3, Copy
number controls of transformation vector pTRA323, equivalent to 1,
5, and 10 copies per haploid rice genome; lane 4, DNA from
homozygous plant 323-5-14; lane 5, DNA from homozygous plant
327-3-10; lane 6, DNA from offspring of cross 323-5-14 X 327-
3-10; lane 7, DNAs from phaseolin-negative plants 327-3-3 and
327-3-4; lanes 8 to 10, copy number controls of transformation
vector pTRA327, equivalent to 1, 5, and 10 copies per haploid rice
genome. B, Deduced physical structure of the introduced phaseolin
genes in the genome of plant 323-5-14 and 327-3-10. Gt, Gt1 1.8-
or 5.1-kb promoter; Phs, phaseolin genomic coding sequence; H,
Hindlll. The sizes of Hindlll fragments are marked.
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Glycosylated Mature Phaseolin Was Synthesized in
Transgenic Rice Endosperms

The biochemical properties of phaseolin synthesized in
the endosperm of heterologous rice were compared with
those of the authentic phaseolin derived from cotyledons of
native common beans. Cultivar Tendergreen of the com-
mon bean carries six to eight genes per haploid genome for
a- and B-type phaseolins, which are heterogeneous in mo-
lecular mass and pl (Fig. 6A). Two-dimensional gel elec-
trophoresis resolved bean phaseolin into two distinguish-
able spots centered on pH 5.7 in IEF and into three
molecular masses, 51, 48, and 45.5 kD, in SDS-PAGE (Fig.
6A). The smaller two polypeptides correspond to the gly-
cosylated (48 kD) and nonglycosylated form (45.5 kD) of
the B-phaseolin gene product (Fig. 7, lanes 3) (Slightom et
al., 1983). Mature phaseolin contains two potential N-gly-
cosylation sites, at positions Asn**® and Asn®"”. The 48-kD
band represents two isoforms of glycosylated B-phaseolin;
one contains high-Man glycans at both positions,
Man,(GIcNAc), at Asn*?® and Many(GIcNAc), at Asn®"7,
and the other contains a complex glycan, Xyl-
Man,(GlcNAc),, at Asn?*® and no modification at Asn®'”
(Sturm et al., 1987).

Transgenic rice plant 327-3 carries the pB-phaseolin
genomic coding sequence under the control of the 5.1-kb
Gtl promoter (Fig. 1). Phaseolin synthesized in the en-
dosperm of this plant shows biochemical properties similar
to but distinct from those of its bean counterpart in two-
dimensional gel electrophoresis and western blots. Rice
B-phaseolin focused on an essentially identical spot at
around pH 5.7 in IEF, but resolved into four distinguish-
able isoforms with slight differences in size (Fig. 6B). SDS-
PAGE analysis demonstrated four immunologically reac-
tive bands of apparent molecular mass 51 (A), 48 (B), 47

Figure 6. Two-dimensional gel electrophoresis analysis and subse-
quent western blot of phaseolin from transgenic rice endosperms. A,
Two micrograms of purified phaseolin from native common bean. B,
SDS-loading buffer extract from endosperm powder of primary trans-
genic plant 327-3; the extract should contain 2 pg of phaseolin as
estimated by ELISA. C, Extract from endosperm of a nontransformed
rice plant. Proteins were separated isoelectrically in a 1:4 mixture of
Bio-lyte pH3-10 and pH5-7 (Bio-Rad) followed by SDS-PAGE on a
12% (w/v) gel.
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Figure 7. Enzyme digestion of glycosyl moieties of phaseolin syn-
thesized in endosperm of transgenic plant 327-3. Proteins were
separated by SDS-PAGE on a 12% (w/v) gel, and phaseolin polypep-
tides were visualized by western blot. A, Endo H digestion analysis.
B, PNGase F digestion analysis. Lanes 1, No-enzyme control of
protein extract from rice plant 327-3; lanes 2, enzyme digestion of
protein extract from rice plant 327-3; lanes 3, no-enzyme control of
purified bean phaseolin; lanes 4, enzyme digestion of purified bean
phaseolin. M, Prestained Bio-Rad protein molecular mass markers.

(C), and 45 (D) kD (Fig. 7, A and B, lanes 1). No difference
was observed in sizes of B-phaseolin polypeptides pro-
duced from genomic and cDNA coding sequences (data
not shown), suggesting that the existence of dicot bean
introns in the transferred gene did not interfere with
proper expression of the protein product in monocot rice.

Enzyme digestion of the N-glycosyl moieties showed
that B-phaseolin synthesized in transgenic rice endosperm
has oligosaccharide structures distinct from those in the
native bean protein (Fig. 7) (Sengupta-Gopalan et al., 1985).
Endo H and PNGase F were used to probe the chemical
properties of oligosaccharide side chains attached to the
Asn residues (Tarentino et al.,, 1989). Endo H hydrolyzes
the glycosidic linkage between two terminal GlcNACc's,
whereas PNGase F hydrolyzes the glycosylamide linkage
between the terminal GlcNAc and the Asn amide nitrogen.
The specificities of Endo H and PNGase F for N-glycan side
chain structures differ: Endo H cleaves primarily high-Man
structures, whereas PNGase F cleaves almost all N-glycan
chains, including complex glycan structures. Band A con-
tains a high-Man glycan structure at both positions Asn**®
and Asn®'7, since they are susceptible to Endo H digestion.
However, because the molecular mass (51 kD) of band A is
larger than that of the bean counterpart (48 kD), it should
contain longer Man glycan chains. Bands B and C have
complex glycans that are not susceptible to Endo H diges-
tion (Fig. 7A, lane 2) but are susceptible to PNGase F
digestion (Fig. 7B, lane 2). The difference in the glycosyl
moieties between bands B and C is not known. After com-
plete digestion with PNGase F, the upper three bands
merged to a single band, D, indicating that the apparent
size differences were caused by the differential glycosyla-
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tion at the Asn residues. Band D had no apparent change in
mobility in SDS-PAGE after PNGase F digestion; its appar-
ent molecular mass (45 kD) is almost the same as the
calculated molecular mass of the nonglycosylated mature
form of B-phaseolin (45.2 kD) (Slightom et al,, 1983). So
band D should represent the nonglycosylated mature
B-phaseolin polypeptide. A small amount of nonglycosy-
lated B-phaseolin also exists in the native bean or when
B-phaseolin is expressed in transgenic tobacco cotyledons
(Sengupta-Gopalan et al., 1985). Rice B-phaseolin also
bound to Con A-Sepharose to a similar extent as its
bean counterpart, indicating that they are glyscosylated
polypeptides (data not shown).

Subcellular Localization of B-Phaseolin in Transgenic
Rice Seeds

Subcellular localization of B-phaseolin accumulated in
transgenic rice endosperm was studied by immunocyto-
chemical analysis under light microscopy and EM. The
central rice endosperm possesses tightly packed starch
grains and relatively few protein bodies, whereas the sub-
aleurone cells have smaller starch grains and more abun-
dant protein bodies. F, seeds of homozygous plant 323-
5-14 were analyzed using immunofluorescence light
microscopy (Fig. 8). Phaseolin was detected with rabbit
anti-phaseolin antibody and goat anti-rabbit IgG conju-
gated with FITC. Figure 8B shows that the fluorescence
signal from phaseolin was associated with the spherical

bodies located at the peripheral protein-rich layer in
starchy endosperms (i.e. subaleurone cells), suggesting that
phaseolin was localized in the vacuolar protein bodies. The
light microscopy study was further extended using double
immunogold labeling under EM. Phaseolin was labeled
with 30-nm gold particles (represented by large dots in Fig.
9) and glutelin was labeled with 15-nm gold particles (rep-
resented by small dots in Fig. 9). The analysis shows that
heterologous phaseolin was located in the type-II protein
bodies and not in the type-I protein bodies; this was also
true of the resident glutelin (Fig. 9). However, the spatial
localization of phaseolin in the type-II protein bodies is not
as exclusive as that of glutelin; phaseolin signals occur in
other subcellular spaces. Since we have used the signal
peptide and downstream polypeptide sequence of mature
B-phaseolin in this study, this result suggests that precise
targeting of bean phaseolin to the type-II protein bodies
was not readily accomplished using the heterologous bean
signal in monocot rice cytoplasm.

DISCUSSION

Efficient Expression of Bean Phaseolin in Transgenic
Rice Endosperms

High endosperm-specific expression of the bean seed
storage protein phaseolin was demonstrated by placing the
phaseolin coding and downstream region under the tran-
scriptional control of promoters from the rice gene for the

Transformant
(323 -5 - 14F2)

Transformant
(323 -5 - 14F2)

Nontransformed
Nipponbare

Rabbit anti - phaseolin -

+

FITC - anti - rabbit IgG +

+

Figure 8. Immunochemical-fluorescence analysis of phaseolin localization in subaleurone cell layers of rice endosperm. A
and B, Endosperms of F, plant 323-5-14 homozygous for the phaseolin trait. Phaseolin was first reacted with rabbit
anti-phaseolin antibody (B, not A) and labeled with anti-rabbit 1gG conjugated with FITC (A and B). C, Endosperm from
nontransformed Nipponbare rice plants treated the same as those in B.
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Figure 9. Electron microscopic observation of
double immunogold labeling of phaseolin and
glutelin accumulated in type-Il protein bodies of
endosperms of F2 plant 323-5-14. Large dots
represent 30-nm gold particles for phaseolin and
small dots represent 15-nm gold particles for
glutelin. PB-I, Type-l vacuolar protein bodies;
PB-II, type-Il protein bodies.

seed storage protein glutelin (Okita et al., 1989). The 5.1-kb
promoter directed higher expression than the 1.8-kb pro-
moter, consistent with the previous results using the GUS
reporter (Zheng et al., 1993). However, the difference be-
tween these two promoters was less than that previously
observed, partly reflecting the nature of the two distinct
reporter proteins, phaseolin versus GUS. The existence of
introns in the coding region of the dicot bean gene did not
interfere with the high-level protein expression in the
monocot rice. This result contrasts with the previous report
of inefficient intron processing of the monocot wheat pre-
mRNA in the dicot tobacco (Keith and Chua, 1986). Studies
of the requirements for efficient intron splicing have con-
cluded that splicing in monocots is considerably more per-
missive than splicing in dicots (Goodall and Filipowicz,
1991). Splicing in dicots requires a high AT content in the
intron, whereas monocot introns are GC rich. Gene expres-
sion in monocot cells was enhanced by the insertion of
introns from both monocot and dicot genes, including
those for maize alcohol dehydrogenase (Callis et al., 1987)
and Shrunken-1 (Vasil et al., 1989), rice actin (McElroy et al.,
1990), and castor bean catalase (Tanaka et al., 1990). How-
ever, the existence of phaseolin introns in the dicot bean
gene apparently did not increase the accumulation of pro-
tein products in rice endosperm.

Phaseolin synthesized in the monocot rice endosperms
has a pl (pH 5.7) and molecular mass of the nonglycosy-
lated form (45 kD) that are essentially identical with those
of the authentic counterpart from cotyledons of native
common beans. This suggests that the 24-residue signal
peptide is cleaved co-translationally from the nascent
translation product, generating the mature form of the
B-phaseolin polypeptide. However, the structures of the
N-linked oligosaccharide side chain at positions Asn**® and
Asn®' of rice phaseolin were distinct from those of its bean
counterpart. Three glycoforms, of 51, 48, and 47 kD, were
generated in rice endosperms compared with two glyco-
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forms of 48 kD in bean cotyledons and transgenic sun-
flower (Murai et al., 1983) and tobacco (Sengupta-Gopalan
et al., 1985). The exact chemical nature of oligosaccharide
side chains in these B-phaseolin glycoforms from rice en-
dosperms remains to be elucidated. Even though the pre-
cise role that glycosylation plays in the mature phaseolin is
not known, removal of glycosylation sites from phaseolin
or phytohemagglutinin did not interfere with correct tar-
geting of the nonglycosylated proteins into the vacuolar
protein bodies, although it reduced protein accumulation
in the protein bodies (Voelker et al.,, 1989; Busto et al.,
1991).

The subcellular localization studies of phaseolin in rice
endosperm demonstrated that phaseolin was located
mainly in the type-II protein bodies. However, the spatial
localization of phaseolin in the type-II protein bodies is not
as exclusive as that of glutelin, suggesting that the signal
peptide and mature polypeptide of phaseolin are not suf-
ficient for targeting to the type-II protein bodies. Similarly,
the maize seed storage protein zein was deposited to the
subcellular structures similar to the type-I and -II protein
bodies in transgenic tobacco seeds (Bagga et al., 1995).
These observations suggest the critical role that the host
protein sorting system plays in inter-organelle trafficking
of passenger proteins.

Implications for Nutritional Improvement of Rice Grains

The physical structure of the introduced phaseolin genes
as well as the high expression level were stably inherited
through three successive generations. The ease with which
the phaseolin trait is monitored by ELISA makes it possible
to follow the agronomic stability of the phaseolin trait in
many generations to come. The highest quantity of phase-
olin was 4.0% of total endosperm protein in homozygous
seeds of plants 323-5-14 and 327-12. We have taken two
separate approaches to increasing the phaseolin content
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and eventually the Lys content of rice grains. It should be
possible to double the phaseolin content in endosperm by
crossing the two homozygous lines and screening progeny
that carry the phaseolin gene homozygous at two indepen-
dent chromosomal loci. It should also be possible to in-
crease the Lys content of phaseolin using structure-based
protein design (Dyer et al, 1993) and to introduce the
Lys-enhanced phaseolin gene into rice as was done for the
Lys-enhanced zein (Ohtani et al., 1991).

Expression of phaseolin at the 4% level of total protein is
theoretically sufficient to demonstrate an increased Lys
content of total protein fraction based on the 6.0 mol% of
Lys in B-phaseolin (Slightom et al.,, 1983). We have begun
analysis of the composition of amino acids in the salt-
soluble protein fraction from endosperms of homozygous
plant 327-3-12. A preliminary result showed a significant
increase in Lys content. The more comprehensive analysis
of amino acid composition will be reported in future
communications.
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