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Abstract. Proteins extracted from embryos, endo- 
sperms and leaves of rice were separated by two-dimen- 
sional electrophoresis and relative molecular weights 
and isoelectric points were determined. The separated 
proteins were electroblotted onto a polyvinylidene 
difluoride membrane and 85 electroblotted proteins 
were analyzed by a gas-phase protein sequencer. The 
N-terminal amino-acid sequences of 27 out of 85 pro- 
teins were determined in this manner. The N-terminal 
regions of the remaining proteins could not be se- 
quenced and they were inferred to have a blocking 
group at the N-terminus. Among proteins, 11 could be 
sequenced after deblocking by in situ treatment with 
pyroglutamyl peptidase. The internal amino-acid se- 
quences of 23 proteins were determined by sequence 
analysis of peptides obtained by Cleveland peptide 
mapping. The amino-acid sequences determined here 
were compared with those of known plant and animal 
proteins. The concanavalin A-peroxidase method was 
used to determine whether the 85 proteins were glyco- 
sylated and the diagonal electrophoresis method was 
used to determine whether they contained disulphide 
bonding. Finally, we constructed a data-file of rice 
proteins including information on relative molecu- 
lar weight, isoelectric point, amino-acid sequence, se- 
quence homology, glycosylation, and the presence of 
disulphide bonding. 
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Introduction 

High-resolution two-dimensional polyacrylamide gel 
electrophoresis (2D-PAGE) is very useful for separat- 
ing complex protein mixtures (O'Farrell 1975). In con- 
junction with automated gel scanning and computer- 
assisted analysis, 2D-PAGE has contributed to the 
development of protein databases (Anderson and 
Anderson 1977; Celis et al. 1989; Garrels and Franza 
1989). 

In 1987, we initiated a study on the construction of 
a data-file on rice proteins. In the present study, a large 
number of rice proteins was separated by 2D-PAGE 
and electroblotted onto a polyvinylidene difluoride 
(PVDF) membrane to determine their biochemical and 
physicochemical characteristics, including partial amino- 
acid sequences. The data obtained were complied as a 
data-file. 

One major advantage of a rice 2D-PAGE database 
in which most known proteins are identified is the 
wealth of new proteins that will become amenable to 
exprimentation both at the biochemical and molecular 
levels. Accordingly, a high-priority goal in our pro- 
gram has been to establish a database of partial se- 
quences of unknown proteins that may be interfaced 
with the forthcoming DNA sequence information from 
the Rice Genome Project. Besides aiding in the identifi- 
cation of known proteins, these sequences can be used 
to prepare oligodeoxyribonucleotides which, in turn, 
are used to clone the corresponding cDNAs. 
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A part of the rice protein data-file constructed so far 
is presented, and a strategy to overcome problems faced 
during the construction of this data-file is discussed. 

Materials and methods 

Plant materials 

Mature seeds and leaves of rice (Oryza sativa L.) cultivars 
Nipponbare and Norin 29, and a semidwarf line SC-TN 1 
(Kikuchi et al. 1985) were used. 

Gel electrophoresis 

A portion (10 mg) of endosperms and embryos from dry mature 
seeds and leaves at 20 days following germination were removed, 
homogenized with 100 gl of lysis buffer (O'Farrell 1975) and 
centrifuged at 15,000 g for 5 min. The supernatant was subjected 
to 2D-PAGE, as described by Hirano (1982). Sodium dodecyl 
sulphate (SDS)-PAGE of the total endosperm protein was per- 

formed with 15% separation gels and 5% stacking gels. The 
isoelectric point and molecular weight of each protein were 
determined using a Pharmacia LKB kit (Uppsala, Sweden). 

N-terminal amino-acid sequence analysis 

Following separation by 2D-PAGE, the proteins were electro- 
blotted onto a PVDF membrane (ProBlott, Applied Biosystems, 
Foster City) and detected by Ponceau 3R staining (Hirano 1989). 
They were cut out from the PVDF membrane and applied to the 
upper glass block of the reaction chamber in a gas-phase protein 
sequencer (477A, Applied Biosystems). Edman degradation was 
performed according to the standard programme supplied by 
Applied Biosystems. The released phenylthiohydantoin amino- 
acid derivatives were identified by the on-line system of high- 
performance liquid chromatography (120A, Applied Biosystems). 

Removal of blocked N-terminal amino acids 

After 2D-PAGE, the proteins possessing a blocked N-terminal 
amino acid were electroblotted onto the PVDF membrane and 
allowed to react with pyroglutamyl peptidase according to the 

Fig. IA, B. 2D-PAGE patterns of seed embryo 
and endosperm proteins from rice (cv Nippon- 
bare). Proteins were extracted from seed embryos 
(A) and endosperms (B) of rice. The proteins 
separated by 2D-PAGE were detected by Co- 
omassie blue staining. Right to left: isoelectric 
focussing for the first dimension; top to bottom: 
SDS-PAGE for the second dimension. Molecular 
weight marker-proteins: 14, alpha-lactalbumin 
(Mr 14.4 kDa); 20, trypsin inhibitor (20.1kDa); 
30, carbonic anhydrase 30.0 kDa); 43, ovalbumin 
(43.0kDa); 67, albumin (67.0 kDa); 94, phos- 
phorylase b (94.0 kDa), Isoelectric point marker- 
proteins: a, soybean trypsin inhibitor (4.55/20 
kDa); b, beta-lactoglobulin A (5.20/18 kDa); c, 
bovine carbonic anhydrase B (5.85/30 kDa); d, 
horse myoglobin (6.85/16 kDa); e, horse myo- 
globin (7.35/16 kDa); f lentil lectin (8.15/30 kDa) 
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method of Hirano etal. (1991) to remove N-terminal pyro- 
glutamic acid. After digestion, proteins on the membrane were 
subjected to gas-phase sequencing. 

Internal amino-acid sequence analysis 

The proteins were separated by 2D-PAGE and stained with 
Coomassie Brilliant blue R250. Gel pieces containing protein 
spots were removed and the protein was electroeluted from the 
gel pieces using an Electrophoretic Concentrator (M 1759, ISCO, 
Lincoln) at 2 W constant power for 2 h. After electroelution, the 
protein solution was dialyzed against deionized water for 2 days 
and lyophilized. The protein was dissolved in 20 ~tl of SDS 
sample buffer (pH 6.8) and applied to a sample well in an 
SDS-PAGE gel. Twenty microliters of a solution containing 
10 Ill of Staphylococcus aureus V8 protease (Pierce, Rockford) 
(0.1 gg/~tl) in deionized water and 10 gl of SDS sample buffer 
(pH 6.8) were overlaid on the sample solution. Electrophoresis 
was performed until the sample and protease were stacked in the 
upper gel, and interrupted for 30rain to digest the protein 
(Cleveland et al. 1977). Electrophoresis was then continued and 
the separated digests were electroblotted on the PVDF mem- 
brane and subjected to gas-phase sequencing (Hirano and 
Watanabe 1990). 

Homology search of amino-acid sequences 

The amino-acid sequences obtained were compared with those 
of 7,967 proteins in the amino-acid sequence data base (National 
Biomedical Research Foundation, Protein Identification Re- 
source; Release 28.0, 1991). 

Detection of glycoprotein with an N-linked oligosaccharide 
chain and disulphide bonding 

Proteins of the embryo and endosperm were separated by SDS- 
PAGE, electroblotted onto a PVDF membrane and reacted with 

peroxidase-coupled concanavalin A (Honen, Tokyo) according 
to the procedure of Kijimoto-Ochiai et al. (1985). 

Proteins of the embryo and endosperm were extracted in 
SDS sample buffer (Laemmli 1970), pH 6.8, without 2-mercap- 
toethanol (Lawrence and Shepherd 1980) and separated by 
SDS-PAGE using disk gels in the first dimension. The gel was 
removed from the tube and incubated for 30 rain in SDS sample 
buffer, pH6.8, containing 1% 2-mercaptoethanol for protein 
reduction. The disk gel containing the proteins was subjected to 
SDS-PAGE in the second dimension (Singh and Shepherd 1985) 
to identify disulphide bonding. 

Results and discussion 

Two-dimensional eIectrophoresis patterns 
o f  rice proteins 

The proteins were separated from seed embryos,  endo- 
sperms and leaves of rice by 2 D - P A G E  and detected by 
Coomassie  blue or silver staining. More  than 600 and 
100 major  protein spots were identified by Coomassie  
blue staining in 2 D - P A G E  patterns of the embryos and 
endosperms, respectively (Fig. 1), and more than 150 
and 700 spots by Coomassie  blue and silver staining, 
respectively, in that of leaves (Fig. 2). 

In 2D-PAGE,  the proteins often showed slightly 
different electrophoretic mobility according t o  the 
gel, possibly due to differences in gel condit ions such 
as concentrat ions of acrylamide and methylene- 
bis-acrylamide, pH  and ionic strength of gel buffers, 
and temperature of the gel during electrophoresis. 
The patterns may also be affected by compounds  

Fig. 2. 2D-PAGE patterns of leaf 
proteins from rice (cv Nippon- 
bare). Proteins were extracted 
from leaves of rice 25 days after 
germination. The proteins sePar- 
ated by 2D-PAGE were detected 
by silver staining. Right to left: 
isoelectric focusing for the first 
dimension; top to bottom: SDS- 
PAGE for the second dimension 
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such as salt and polyphenol in particular tissues 
when crude protein extracts are directly electro- 
phoresed. The electrophoresis patterns for different 
gels or different tissues could thus not be easily com- 
pared without standardization of the electrophoresis 
patterns. 

In this study, protein patterns on gels were stand- 
ardized by an image analyzer, making reference to mol- 
ecular weight and isoelectric point marker-proteins. 
Following pattern standardization, it was possible to 
determine whether the same protein could be identified 
as the same spot between gels or among embryos, 
endosperms and leaves. For example, it was proven by 
electrophoresis pattern standardization that spot 15a 
in the embryos was identical to spot 28a protein in the 
endosperms. This was confirmed by partial amino-acid 
sequence analysis of the proteins. The image analysis 
system permitted efficient standardization in a short 
time without being in any way subjective. 

A total of eight glutelin alpha-subunits was identi- 
fied by 2D-PAGE. The amino-acid sequences in the N- 
terminal and internal regions of these proteins were 
determined. They were highly homologous with the 
sequences of glutelin alpha-subunits deduced from 
cDNAs. The sequences in this manuscript were thus 
considered not to be due to contaminants. 

N-terminal amino-acid sequence analysis 

The proteins separated by 2D-PAGE were electroblot- 
ted from gels onto PVDF membranes and visualized 
by Coomassie blue staining. The protein spots were cut 
out from the membrane to be sequenced directly on a 
gas-phase protein sequencer. Eighty-five protein spots 
from the embryos, endosperms and leaves were subjec- 
ted to N-terminal sequence analysis. The N-terminal 
amino-acid sequences of 27 out of 85 proteins were 
determined as shown in Table 1. Since all 85 proteins 
appeared at sufficient amounts (possibly more than 100 
pmoles) for sequencing on the basis of Coomassie blue 
staining intensity, most of them (about 70~o) were 
considered to have a blocking group at the N-terminus. 

Amino-acid sequence analysis of blocked proteins 

About 70~ of the proteins were deduced to have a 
blocking group at the N-terminus. In such cases, the 
proteins could not be sequenced without removing the 
group or the N-terminally blocked amino acid. 

The potentially blocked electroblotted proteins 
were digested on PVDF membranes with pyrogutamyl 
peptidase and subjected to N-terminal sequence analy- 
sis by the gas-phase protein sequencer. The amino-acid 
sequences from the second residue of 11 proteins were 
determined (Table 1). The N-terminal amino acid of 
each of the proteins was considered to be pyroglutamic 

acid formed by the cyclization of glutamine or glutamic 
acid. 

Recently, the authors have developed a sequential 
deblocking technique for proteins electroblotted on 
PVDF membranes, whose N-terminal formyl groups, 
pyroglutamic acids, or acetyl amino acids, can be 
effectively removed from N-terminally blocked pro- 
teins using the same samples on the membrane. It 
should be possible to analyze other blocked proteins 
by this sequential deblocking technique, thus enlarging 
the protein data-file. 

Internal amino-acid sequences of proteins 

To obtain detailed sequence information necessary for 
cloning and characterization of the DNA encoding the 
protein, it is desirable to elucidate the amino-acid 
sequences not only of the N-terminal region but of the 
internal region of the protein as well. If proteins having 
a blocked terminal amino group cannot be deblocked 
by the above method, it is important to sequence the 
internal regions of the protein. The Cleveland map- 
ping technique was used to determine the amino-acid 
sequences of the internal regions of proteins. This 
method is both relatively easy to use and sufficiently 
sensitive for this purpose. 

Internal stretches of sequences were determined for 
58 proteins, including 38 species whose N-terminal 
amino-acid sequences were determined by the Cleve- 
land method using digestion with S. aureus V8 pro- 
tease. The internal amino-acid sequences of 23 proteins 
were determined (Table 1). 

Homology search of amino-acid sequences 

The amino-acid sequences were compared with those 
of the PIR data-base (Table 1). The amino-acid se- 
quences of 14 proteins were found to be identical to 
those of proteins already reported. These proteins 
include the major seed storage protein glutelins 
(Takaiwa et al. 1987), alpha-amylase (Rogers and Mil- 
liman 1983) and NADH-dehydrogenase (Bibb et al. 
1981). Proteins highly homologous to those from other 
plants, such as wheat glutenin (Sugiyama et al. 1985), 
parvalbumin (Jauregui-Adell and Pechere 1978), 
superoxide dismutase (Kanematsu and Asada 1990), 
the small subunit of ribulose-1, 5-bisphosphate car- 
boxylase (Matsuoka et al. 1988), and plastocyanin 
(Yano et al. 1989), were also identified. On the other 
hand, 19 proteins had identical partial amino-acid 
sequences to proteins from animals, such as the hema- 
glutinin precursor (Chamber et al. 1989) and phos- 
pholipase A2 (Kondo et al. 1989). 

Spot 28a (Norin 29 and Nipponbare) and spot 28b 
(SC-TN1) in endosperm (Table 1), detected as proteins 
with different isoelectric points, 7.4 and 7.7 respective- 



ly, but with an identical molecular weight, 37 kDa, by 
2D-PAGE, have been identified as semidwarfism- 
related proteins (Hirano et al. 1991; Nakamura et al. 
1991). These proteins have the same N-terminal and 
internal amino-acid sequences, highly homologous 
with those deduced from the nucleotide sequence of 
type I cDNA encoding the glutelin seed storage pro- 
teins (Takaiwa et al. 1987). 

Glycosylation and disulphide bond 

After being electroblotted on the PVDF membranes, 
the embryo and endosperm proteins were examined by 
the concanavalin A-peroxidase method to determine 
whether they possessed N-linked glycosylation sites. 
Three and six proteins were identified as glycoproteins 
in embryos and endosperms, respectively. 

Total proteins from the embryos or endosperms 
were separated by diagonal electrophoresis under non- 
reducing conditions in the first dimension and reduc- 
ing conditions in the second dimension to determine 
whether they had inter-disulphide or intra-disulphide 
bonding. The diagonal electrophoresis patterns of rice 
seed embryo and endosperm proteins were analyzed. 
Five proteins of rice embryos were identified as pro- 
teins having disulphide bonds. One protein of rice 
endosperm also possessed a disulphide bond. 

Protein databases 

The results of micro-characterization of proteins sep- 
arated by 2D-PAGE were compiled to obtain a data- 
file, appropriately designated as a "protein library" 
(Hirano 1989), containing information such as relative 
molecular weight, isoelectric point, amino-acid se- 
quence, sequence homology, glycosylation and pres- 
ence of disulphide bonding. 

Several increasingly powerful software systems for 
the analysis of 2D-PAGE patterns have been develop- 
ed (Anderson et al. 1985). The method using an image 
analyzer, in combination with molecular weight and 
isoelectric point marker-proteins which are commer- 
cially available, is especially useful for constructing a 
protein data-file. The constructed data-file should prove 
of use for the molecular cloning of genes. For cellular 
proteins that are N-terminally blocked (either naturally 
or artifactually during purification), the information from 
N-terminal deblocked and internal amino-acid sequences 
provides a valuable means of identification. If synthetic 
oligodeoxynucleotides reverse-translated from the pep- 
tide sequences compiled in the data-file are used, a gene 
encoding a particular protein can be efficiently and accu- 
rately cloned. Moreover, with the recent introduction of 
polymerase chain reaction technologies, internal sequence 
data greatly facilitates the cloning of cDNA encoding a 
protein of interest. 
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Rice genome projects, in which rice genes are map- 
ped on chromosomes and cloned by "shotgun" 
methodology to determine nucleotide sequences, are in 
progress mainly in the United States and Japan. In 
these projects, it is required to accurately identify 
proteins expressed at detectable levels. 2D-PAGE in 
conjunction with protein micro-sequencing should 
serve to confirm the expression of predicted gene prod- 
ucts. 

The database provides a new approach to the 
analysis of gene expression in normal and transformed 
cells. It suggests directions for future research that 
might reveal relations between the functions of trans- 
forming proteins and altered patterns of protein pro- 
duction. It should also make possible the rapid screen- 
ing of a biological sample for abnormalities in protein 
expression. 

The rice protein library will be easily accessible to 
other laboratories since we are planning to input our 
data-file into a database to be compiled according to a 
world-wide standardized format. 
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