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Summary. Two semidwarfism-related proteins, SRP-1
and SRP-2, were detected as major spots in a long-culm
rice cultivar, Norin 29 and its semidwarf near-isogenic
line, SC-TN1, respectively, by two-dimensional gel elec-
trophoresis (2D-PAGE). The testcross showed that SRP-1
and SRP-2 are controlled by codominant alleles, Srp-/
and Srp-2, respectively, at a single locus Srp. This locus
was considered to be closely linked with the semidwarf-
ing gene locus sd-1. SRP-1 and SRP-2 were separated by
2D-PAGE, electroblotted onto a polyvinylidene difluo-
ride membrane, and sequenced by a gas-phase protein
sequencer. The N-terminal amino acid sequences, how-
ever, could not be determined due to the blockage of the
N-terminals of these proteins. After removal of the
N-terminal residue with pyroglutamyl peptidase given
to the membrane, the amino acid sequence in the
N-terminal region was determined. The N-terminal
and internal amino acid sequences of SRP-1 and SRP-2
were highly homologous with those of the glutelin a-sub-
units of seed endosperm storage protein, which were
deduced by the cDNA sequences. In the seed endosperms
of Norin 29 and SC-TN1, a total of eight glutelin a-sub-
units was identified by 2D-PAGE. The amino acid se-
quences in the N-terminal and internal regions of these
proteins were determined. This experiment confirmed
that SRP-1 and SRP-2 are almost identical in structure
with the glutelin os,- and os,-subunits, respectively,
which were identified in several organs such as en-
dosperms, embryos, and leaves, unlike the other glutelin
o-subunits.
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Introduction

One of the most important objectives in rice breeding has
been to breed semidwarf cultivars. To date, many semi-
dwarf cultivars have been produced by conventional
cross-breeding. The semidwarfing gene most frequently
introduced in the course of breeding is a single recessive
gene, sd-1, in Dee-geo-woo-gen (Chang et al. 1965; Har-
grove et al. 1980; Kikuchi et al. 1985).

In a previous study (Nakamura etal. 1991a), we
identified two semidwarfism-related proteins, SRP-1 and
SRP-2, which appear specifically as major polypeptides
in the seed embryos of a tall Japanese cultivar, Norin 29,
and its semidwarf near-isogenic line, SC-TN1, which car-
ries sd-1. The results of testcrosses showed that SRP-1
and SRP-2 are controlled by codominant alleles, Srp-1
and Srp-2, respectively, at a single locus Srp. Recently,
we observed that the Srp locus is closely linked with the
sd-1 locus at a recombination value of 15.5% (Nakamura
et al. 1991 b). Therefore, we considered that the isolation
of the Srp gene may make it possible to identify the sd-1
gene by gene manipulation techniques such as gene walk-
ing or jumping from Srp.

In the present study, in order to isolate the Srp gene,
we analyzed the amino acid sequences of the SR proteins.
The results of a previous experiment suggested that the
N-terminal amino group of these proteins was blocked
(Nakamura et al. 1991 a), indicating that the N-terminal
sequence analysis by Edman degradation could not be
performed without the removal of the blocked N-termi-
nal residue. Therefore, in this study, we attempted to
remove the N-terminal residue from SR proteins to de-
termine the amino acid sequence in the N-terminal re-
gion. To obtain further detailed information on the se-
quence, we examined the internal amino acid sequences
of these proteins. The results revealed that SR proteins
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are structurally homologous with the glutelin a-subunits
from the rice seed endosperms.

Materials and methods
Plant materials

A rice (Oryza sativa L.) cultivar, Norin 29, and its semidwarf
near-isogenic line, SC-TN1, were used in this study. SC-TN1
had been obtained by transferring a semidwarf gene (sd-1) from
the cultivar Taichung Native 1 into Norin 29 through seven
backcrosses (Kikuchi et al. 1985; Nakamura et al. 1991 a).

Two-dimensional gel electrophoresis

A portion (100 pg) of embryos or endosperms from the dry
mature seeds was removed, homogenized with 10 ul of lysis
buffer (O’Farrell 1975), and centrifuged at 15,000 x g for 5 min.
The supernatant was subjected to two-dimensional gel elec-
trophoresis (2D-PAGE) as described by Hirano (1982).

N-terminal amino acid sequence analysis

After separation by 2D-PAGE, the proteins were electroblotted
onto a polyvinylidene difluoride (PVDF) membrane (ProBlott,
Applied Biosystems, Foster City) and detected by Coomassie
blue staining (Hirano 1989). The portions of the PVDF mem-
brane carrying the electroblotted protein were cut out and
mounted into the upper glass block of the reaction chamber in
a gas-phase protein sequencer (477A, Applied Biosystems). Ed-
man degradation was performed according to the standard pro-
gram supplied by Applied Biosystems. The released phenylthio-
hydantoin (PTH) amino acid derivatives were identified by the
on-line system of high-performance liquid chromatography
(120A, Applied Biosystems).

Removal of blocked N-terminal amino acid

After electroblotting of the blocked proteins, the PVDF mem-
brane was soaked in 100 mM acetic acid containing 0.5% w/v
polyvinylpyrrolidone-40 at 37 °C for 30 min. The membrane was
washed with deionized water ten times and soaked in 0.1 M
phosphate buffer (pH 8.0) containing S mM dithiothreitol and
10 mM ethylenediaminetetracthylacetic acid. After addition of
5 ug pyroglutamyl peptidase (Boehringer Mannheim, Mann-
heim), the reaction solution was incubated at 30°C for 24 h. The
membrane was washed with deionized water, dried, and applied
to the gas-phase protein sequencer.

Internal amino acid sequence analysis

The proteins were separated by 2D-PAGE and stained with
Coomassie blue. The gel pieces containing the protein were
removed and the protein was electroeluted from the gel pieces.
The electroelution was performed in 0.375 M Tris-glycine buffer
(pH 8.8) containing 1% w/v sodium dodecyl sulfate (SDS),
using the Electrophoretic Concentrator (M1750, ISCO, Lin-
coln) at 2 W constant power for 2 h. After the electroelution, the
protein solution was dialyzed against deionized water overnight,
lyophilized, and dissolved in 20 pl 0.125 M Tris-HCI buffer (pH
6.8) containing 0.1% w/v SDS and 20% v/v glycerol. Ten micro-
liters of Staphylococcus aureus V8 protease (Pierce, Rockford)
(0.1-0.2 pg/ul) in deionized water was overlaid with 10 pl
0.125 M Tris-HCI buffer (pH 6.8) containing 0.1% w/v SDS,
20% v/v glycerol, and 0.001% w/v Bromophenol blue. Elec-
trophoresis was performed until the sample was stacked in the
upper gel and then interrupted for 30 min to digest the protein

(Cleveland 1977). Electrophoresis was continued and the sepa-
rated digests were electroblotted onto the PYDF membrane and
sequenced by the gas-phase protein sequencer (Hirano and
Watanabe 1990).

Homology search of amino acid sequences

The amino acid sequences obtained were compared with se-
quences of over 16,000 proteins contained in the amino acid
sequence data base SEQDB (Protein Research Foundation, Os-
aka).

Quantitative changes of embryo and endosperm proteins
during germination

Mature seeds of rice were immersed in water for 1, 3, 12, and 16
days at 25°C. The embryos and endosperms were removed from
the seeds. The proteins were then separated by 2D-PAGE and
stained with Coomassie blue to measure their relative volume.

Detection of glycoproteins

Proteins from the seed endosperms were separated by 2D-
PAGE, electroblotted onto a PYDF membrane, and reacted
with peroxidase-coupled concanavalin A according to the pro-
cedure described by Kijimoto-Ochiai et al. (1985).

Results
Amino acid sequences of SR proteins

Proteins from the seed embryos of Norin 29 and SC-TN1
were separated by 2D-PAGE (Fig. 1) and electroblotted
from the gel onto the PVDF membrane. Among the
electroblotted proteins, SRP-1 and SRP-2 were se-
quenced by the gas-phase sequencer. However, no PTH-
amino acid was released, suggesting that the N-terminals
of SRP-1 and SRP-2 were blocked, which is consistent
with the previous results (Nakamura et al. 1991 a).

The electroblotted SRP-1 and SRP-2 were digested
on the PVDF membrane with pyroglutamyl peptidase
and subjected to the N-terminal amino acid sequence
analysis. The pyroglutamyl peptidase digestion allowed
the Edman degradation of SRP-1 and SRP-2. The se-
quences of 16 and 9 residues from the N-terminals of
SRP-1 and SRP-2, respectively, were determined (Fig. 2).
The N-terminal pyroglutamic acid of SRP-1 and SRP-2
was considered to be formed by in vivo cyclization of
glutamine or glutamic acid.

The embryo proteins were separated by 2D-PAGE,
and SRP-1 and SRP-2 were separately electroeluted from
the gel. After the electroelution, SRP-1 and SRP-2 were
digested with S. aureus V8 protease on the SDS-PAGE
gel. The digests were separated by SDS-PAGE and elec-
troblotted from the gel onto the PVDF membrane to
determine the internal amino acid sequences (Fig. 2).

Search for structural homology

The structural homology search using the SEQDB data
base showed that the amino acid sequences of SRP-1 and
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Fig. 1A and B. 2D-PAGE patterns of SRP-1 and SRP-2. The adjacent proteins (a1 —a3) were identified as not being glutelin subunits
based on the analysis of their N-terminal and internal amino acid sequences. A Norin 29; B semidwarf near-isogenic line SC-TN1.
Right to left: isoelectric focusing for first dimension; up to down: SDS-PAGE for second dimension. Detected by Coomassie blue
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Fig. 2. Amino acid sequences of
the seed glutelin o-subunits. 1)-4)
The sequences deduced from nucle-
otide sequences. 1) Takaiwa et al.
(1989); 2) Masumura et al. (1989},
3) and 4) Takaiwa et al. (1987). The
partial sequences were obtained by
actual protein sequencing of the en-
dosperm glutelin o;-, o,-, oy, 0y,
os,-, and og,-subunits and the em-
bryo giutelin SRP-1 and SRP-2.
The different residues between 1)
and 2), and between 3) and 4) are
indicated by dots. <Q represents
pyroglutamic acid
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SRP-2 were highly homologous with that deduced from
the nucleotide sequence of type I cDNA (Takaiwa et al.
1987) encoding glutelin, which is a major storage protein
in the seed endosperms. In the regions of SRP-1 or SRP-2
examined, the sequences were identical with that deduced
from type I ¢cDNA, except that the 60th residue was
valine, while the corresponding residue in SRP-1 and
SRP-2 was alanine, and the 122nd residue was glutamine,
while it was histidine in SRP-2.

Identification of the endosperm glutelin subunits

In the seed endosperms of Norin 29 and SC-TN1, a total
of eight glutelin a-subunits was detected by 2D-PAGE.
To determine which glutelin subunits were identical or
most homologous with SRP-1 and SRP-2, the structural
differences of the eight glutelin subunits were analyzed.

All these glutelin subunits were found to have
blocked N-termini. Therefore, after 2D-PAGE, the
-glutelin subunits electroblotted onto the PVDF mem-
brane were digested with pyroglutamyl peptidase to
remove the blocked N-terminal amino acid. After re-
moval, the amino acid sequences of these protein sub-
units could be determined in the N-terminal regions
(Fig. 2).

The glutelin fragments obtained after in situ protease
digestion on SDS-PAGE gel were clectroblotted onto the
PVDF membrane and their N-terminal amino acid se-
quences were determined.

The results of these experiments revealed that the
amino acid sequences of SRP-1 and SRP-2 were most
homologous with those of the glutelin a5,- and o5,-sub-
units.

As described previously (Nakamura et al. 1991a),
SRP-1 and SRP-2 were detected as proteins with differ-
ent isoelectric points, 7.4 and 7.7, respectively, but with
an identical molecular weight, 32 kDa, by 2D-PAGE. In
this study, we examined whether or not the endosperm
glutelin a-subunits with different isoelectric points be-
tween Norin 29 and SC-TN1 were present, and found
that the glutelin «5,- and as,-subunits showed the same
electrophoretic pattern in isoelectric focusing as SRP-1
and SRP-2, respectively (Fig. 3).

To confirm the difference of these polypeptides, we
mixed the endosperm and embryo protein solutions, and
separated the proteins by 2D-PAGE. The electrophoretic
mobility of SRP-1 and SRP-2 was identical with that of
the glutelin «s,- and a5, -subunits, respectively.

From these results, we concluded that SRP-1 and
SRP-2 are identical with glutelin a.,- and as,-subunits,
respectively (Table 1).

SPR-1 and SRP-2 are glycoproteins (Nakamura et al.
1991 a). The electroblotted endosperm glutelin a-subunits
were examined by the concanavalin A peroxidase method
to determine whether or not they were glycoproteins.
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Fig. 3A—C. 2D-PAGE patterns of the seed endosperm glutelin
a-subunits. A Cultivar Norin 29; B A + C mixture; C semidwarf
near-isogenic line SC-TN1. Right to left: isoelectric focusing for
first dimension; up to down: SDS-PAGE for second dimension.
Detected by Coomassie blue staining

It was suggested that the glutelin os,- and o5,-subunits
were glycosylated, as well as the glutelin «, -, ®,-, #3-, and
a,-subunits, but it could not be ascertained whether or
not the glutelin ¢¢- and o,-subunits were glycosylated.

Complementary DNA encoding the glutelin subunits

The amino acid sequences of the glutelin a-subunits were
compared with those deduced from the nucleotide se-
quences of DNAs encoding the glutelin subunits. This
comparison showed that the sequence of glutelin o, was
highly homologous with those deduced from the nucle-
otide sequence of cDNA as reported by Masumura et al.
(1989). The amino acid sequences of the glutelin a,-, a;-,
and a,-subunits were found to be identical with that
deduced from the nucleotide sequences of type 1I cDNA
cloned by Takaiwa et al. (1987). The sequences of glutelin
as, (SRP-1) and s, (SRP-2) were homologous with that
deduced from the sequence of type I cDNA as cloned by
Takaiwa et al. (1987). No genes encoding glutelin a4 and
o, have been reported so far. In these subunits, the N-ter-



Table 1. Characteristics of eight glutelin ¢-subunits in rice
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Glutelin pI  Mr Embryo Endosperm Glyco- Gene Locus cDNA® Identified differ-

subunit (kDa) sylation ence in sequence
Norin 29  SC-TNt Norin 29 SC-TN1

oy 80 31 - - + + + 1) None

oy 7.8 31 - - + + + 2) (Type II) None

oy 7.7 32 — — + + + 2) (Type II) None

Oy 7.7 31 - - + + + 2) (Type II) None

s, 74 32 +(SRP-1) — + — + Srp-1  Srp 2) (Type I) 60th Val—Ala

oy 77 32 - + (SRP-2) - + + Srp-2  Srp 2)(TypeD)  122nd Gln—His

o 7.3 31 — - + + Unknown

oy 72 32 - - + + Unknown

® In these experiments, mMRNAs were extracted from cultivar Nipponbare. We found that there is no difference in the glutelin subunit
compositions and the the actual amino acid sequences between Norin 29 and Nipponbare. Reference 1) Masumura et al. 1989;

2) Takaiwa et al. 1987

minal glutamine that is present in the other subunits was
deleted. The o4- and o,-subunits were considered to be
encoded by the gene that is structurally similar to the
type I and II cDNAs, but not identical.

Glutelin species in the embryos

As described above, we found that the proteins identical
with the endosperm glutelin a-subunits appeared in the
embryos. It remained to be determined whether only the
glutelin a,- and as,-subunits or all the glutelin a-sub-
units were expressed in the embryos.

We separated the embryo proteins by 2D-PAGE and
analyzed the amino acid sequences of the proteins that
showed a similar molecular weight and isoelectric point
to those of the endosperm glutelin a-subunits. However,
no glutelin a-subunits except for the ag,- and o, -sub-
units could be identified in the embryos of Norin 29 and
SC-TN1 (Fig. 1).

Quantitative changes of glutelin subunits in embryos
and endosperms during germination

In the embryos, the amount of the glutelin as,- and o, -
subunits increased during germination (Nakamura et al.
1991 a). However, in the endosperms, the amount of all
the glutelin a-subunits gradually decreased during germi-
nation, and they could no longer be detected 16 days
after water immersion.

Discussion

In the previous report (Nakamura etal. 1991a), we
suggested that SR proteins had blocked N-termini. We
developed a simple technique to remove the blocked
N-terminal residue using pyroglutamyl peptidase on
a PVDF membrane by modification of the conven-
tional methods (Podell and Abraham 1978; Moyer et al.

1990). This technique allowed us to deblock and subse-
quently to sequence subnanomole amounts of protein on
the PVYDF membrane. In the present study, using this
technique, we were able to determine the N-terminal ami-
no acid sequences of SR proteins and glutelin a-subunits
which were separated by 2D-PAGE.

There are eight glutelin species in the endosperms of
Norin 29 and SC-TN1. Among them, the glutelin o,,-
and os,-subunits are expressed not only in the en-
dosperms but also in the embryos and young leaves.
Although the amount of embryo glutelin a-subunits in-
creased during germination as described in the previous
paper (Nakamura et al. 1991a), the amount of all the
endosperm glutelin a-subunits decreased. This result sug-
gests that the mechanism regulating the expression of the
genes encoding the same glutelin subunits should be dif-
ferent between the embryos and endosperms. The
glutelin is thought to act as a source of nitrogen and
amino acids for germination in the endosperms. Howev-
er, the glutelin «5,- and os,-subunits in the embryos are
likely to have a different function from the storage
proteins.

The endosperm glutelin is synthesized as a precursor
polypeptide consisting of a signal peptide, «- and B-sub-
units. The precursor polypeptide is processed cotransla-
tionally and posttranslationally to generate disulfide-
bonded a- and f-subunits (Yamagata etal. 1982). We
separated the embryo glutelin o;,- and as,-subunits by
2D-PAGE under nonreducing conditions (data not
shown). Under such conditions, the «5,- and o5, -subunits
were not identified in the positions where they would be
detected under reducing conditions as shown in Fig. 1.
These results indicate that the embryo glutelin a,- and
asp-subunits are linked with another polypeptide, possi-
bly glutelin S-subunit, via disulfide bonding like the en-
dosperm glutelin subunits.

In the previous report (Nakamura et al. 1991a), we
reported that SRP-1 and SRP-2 are glycoproteins that
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can be identified by the concanavalin A peroxidase
method. We examined whether or not endosperm glutelin
a-subunits contained sugar chains by the same method.
The results suggested that the glutelin -, «,-, ¢3-, and
a,-subunits in the endosperms, and the glutelin o,,- and
o s,-subumnits in both embryos and endosperms, were gly-
cosylated. Although the N-linked oligosaccharides are
thought to be detected by this concanavalin A peroxidase
method, the amino acid sequences of all published
glutelin a-subunits lack the typical tripeptide Asn-X-Thr
or Asn-X-Ser signal for N-glycosylation. The structures
of oligosaccharides in the glutelin a-subunits remain to
be determined.

The Srp locus is linked with the sd-7 locus the loci
identified so far in rice, with a recombination value of
15.5% (unpublished data). The size of the rice genome is
estimated at approximately 10° kbp. Accordingly, the
value of 15.5% roughly corresponds to 500—1,000 kbp.
Since the cDNAs and genes encoding the glutelin have
been cloned, it may become possible to isolate the sd-/
gene in the future by applying the gene walking or jump-
ing technique.
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