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Abstract

Rice is the most important cereal crop in Asia, and is considered as a model cereal plant for genetic and molecular studies. An

immense progress has been made in rice genome sequence analysis during the last decade. This prompted the researcher to identify

the functions, modifications, and regulations of every encoded protein. Proteome analysis provides information to predict the

translation and relative concentration of gene products, including the extent of modification, none of which can be accurately

predicted from the nucleic acid sequence alone. During the last couple of years, considerable researches were conducted to analyze

rice proteome, and only recently a remarkable progress has been made to systematically analyze and characterize the functional role

of various tissues and organelles in rice. In this review, the rice proteomic research has been compiled and also presented a com-

prehensive analysis of rice nuclear proteins. In rice nucleus, 549 proteins were resolved using 2D-PAGE. Among them, 257 proteins

were systematically analyzed by Edman sequencing and mass spectrometry and identified 190 proteins following database searching

(http://gene64.dna.affrc.go.jp/RPD/main.html). The identified proteins were sorted into different functional categories. In these data,

the proteins involved in signaling and gene regulations dominated others, reflecting the role of nucleus in gene expression and

regulation.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Rice (Oryza sativa L.) is an ideal model plant among

the monocot cereal crop species for genetic and molec-

ular studies because of its smaller genome than those of

other cereals (Devos and Gale, 2000). It is the main

staple food for more than half of the world’s population

(Sasaki and Burr, 2000). To feed the increasing popu-

lation of the world, rice draws the crucial attention to
improve its yield and quality. The publications of draft

genome sequences for Oryza sativa L. ssp. indica (Yu

et al., 2002) and Oryza sativa L. ssp. japonica (Goff

et al., 2002) and complete map-based sequence of

chromosome 1 (Sasaki et al., 2002) and chromosome 4

(Feng et al., 2002) for Oryza sativa L. cv. Nipponbare,

provide a rich resource for understanding the biological

process in rice. The challenge ahead for the plant re-
search community is to identify the functions, modifi-

cation, and regulation of every encoded protein. The

understanding of the biological functions of the novel

genes is a more difficult proposition than obtaining just

the sequences. This is because of the fact that the ex-

isting amount of information on amino acid sequences

of known proteins in the database does not match the

wealth of information on nucleotide sequences being
generated through genome projects (Lockhart and

Winzeler, 2000; Pandey and Mann, 2000). The analysis

of proteins is the most direct approach to define the gene

function. Proteome analysis provides information on

functional genomics, including identification of open

reading frames (ORFs) from genome sequences, deter-

mining the proteins for subcellular compartment local-

ization, and identifying novel components involved in
the components’ biogenesis. Currently, proteomics is

becoming an increasingly powerful tool for the investi-

gation of complex cellular process and turning out to be

a major international subject of research.

Over the past few years, significant progress has been

made towards identifying and cataloguing of the pro-

teins from rice tissues and organelles. Proteomics of rice

embryo and endosperm (Komatsu et al., 1993); root
(Zhong et al., 1997); green and etiolated shoot (Koma-

tsu et al., 1999a); cultured suspension cells (Komatsu

et al., 1999b); anther (Imin et al., 2001); leaf sheath

(Shen et al., 2002), and different organelles such as Golgi
(Mikami et al., 2001); mitochondria (Heazlewood et al.,
2003) have opened an avenue to critically understand

the functions of rice proteins. Tsugita et al. (1994) an-

alyzed and identified 4892 proteins from nine tissues and

one organelle of rice (leaf, stem, root, germ, dark ger-

minated seedling, seed, bran, chaff, callus and chloro-

plast). A more detail proteome analysis of rice (Oryza

sativa L. cv. Nipponbare) leaf, root, and seed has been

reported (Koller et al., 2002). The recently constructed
of rice proteome database website (http://gene64.dna.

affrc.go.jp/RPD/main.html), provides an enormous in-

formation on the progress of rice proteome research

(Komatsu et al., 2004). Proteome analysis of various

tissues and organelles has shown diverse functional

categories. Although many common proteins were

identified and shared similar functions in different tis-

sues and organelles, but majority of the proteins were
tissue and organelle specific. These results encouraged

the researchers to analyze the proteins from different

tissues and organelles separately.

To better understand the proteome of rice, it is ur-

gently needed to analyze the proteins of various tissues

and organelles separately; those have not yet been ana-

lyzed. To date, no attempts have been made to analyze

the proteins of rice nucleus. The nucleus is one of the
most important organelles in living organism that reg-

ulates various biological activities, including gene ex-

pression. It stores genes on chromosomes, produces

messages that code for protein, transport regulatory

factors and also functions to many signaling responses.

Unlike rice, few reports on the nucleus of Arabidopsis

have been published and highlighted their molecular

functions (Bae et al., 2003; Folta and Kaufman, 2000).
Prediction of organelle specific proteins by different

programs such as MitoProtII (Claros and Vincens,

1996), TargetP (Emanuelsson et al., 2000), and Predotar

(http://www.inra.fr/Internet/Produits/Predotar/) are not

yet completely possible due the lack of sufficient prote-

ome information on various organelles. These programs

predict thousands of nuclear-encoded plant proteins to

be mitochondrial (Heazlewood et al., 2003). Gomez
et al. (2003) used these software packages to predict

organelle targeting and transit peptide proteolysis site

and conclude that some programs (ChloroP and Tar-

getP) reliably predict trafficking to the chloroplast, but

http://gene64.dna.affrc.go.jp/RPD/main.html
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they variably predict the processing sites of the transit

peptides and suggested an improvement in the datasets

used to train the algorithms. The complete analysis of

nuclear protein could clarify the veracity of such pre-

dictions. In this review, attempts were made to compile
almost all the recent works on rice proteome to get a

clear understanding on the progress in this area of re-

search to date. Further, studies were made to system-

atically analyze the rice nuclear proteome.
2. Proteome analysis of rice tissues

Considerable efforts have been made to analyze the

proteins from different tissues and organelles in rice

(Table 1). ‘A rice proteome library’ constructed by

Komatsu et al. (1993) is the pioneer report on the pro-

teome analysis of rice tissues. Proteins from seed em-

bryo, endosperm and leaf were isolated, and separated

by two-dimensional polyacrylamide gel electrophoresis

(2D-PAGE) (O’Farrell, 1975). More than 600, 100 and
150 major proteins were detected in embryo, endosperm

and leaf, respectively by Coomassie brilliant blue (CBB)

staining. Seven hundred proteins in leaf sheath were

detected by silver staining. Eighty-five protein spots

were selected from embryos, endosperms and leave and

analyzed by a gas-phase protein sequencer. Among these

85 protein spots, 27 proteins were identified by N-ter-

minal sequence analysis. The rest 70% proteins were
considered to have a blocking group at the N-terminus.

Then by in situ treatment with pyroglutamyl peptidase

deblocked the N-terminus and identified 11 proteins.

Furthermore, 23 proteins were analyzed for their inter-

nal sequences following Cleveland peptide mapping

(Cleveland et al., 1977). Finally, the authors constructed

data-files of rice embryo, endosperm and leaf and pro-

vided molecular weight and isoelectric point (pI) for
each protein.

Tsugita et al. (1994) analyzed the proteins from nine

different tissues of rice (leaf, stem, root, germ, dark

germinated seedling, seed, bran, chaff and callus) and

one organelle (chloroplast). From the above nine tissues,

a total of 4616 protein spots were identified on 2D-gels,

of which 118 proteins were analyzed, and among them

43 proteins could be sequenced. But due to lack of in-
formation on the rice genome and protein database at

that time, only 16, 6, 3, 1 and 1 protein could be iden-

tified in leaf, callus, germ, stem and root, respectively.

N-terminal sequencing could characterize only about 3%

of the spots. The same group carried out another com-

parative study on the above nine tissues of rice and five

tissues (seed, callus, stem, root and leaf) of Arabidopsis

(Tsugita et al., 1996). About 5000 protein spots were
separated by 2D-PAGE from both the nine tissues of

rice and five tissues of Arabidopsis. More that 100 pro-

tein spots were analyzed for N-terminal sequences and
62 proteins in Arabidopsis and 51 new proteins in rice

could be sequenced. Among the identified proteins, 40%

were found to have common function between these two

species. Their results indicated the presence of many

common proteins among different species.
Zhong et al. (1997) analyzed the proteins from rice

root and detected 292 protein spots by CBB staining.

Seventy six proteins were analyzed following N-terminal

and internal amino acid sequences. The amino acid se-

quences of these proteins were compared with those of

PIR database (Pearson and Lipman, 1988) and a total of

42 proteins were identified by homology search in the

Rice Genome Research Project cDNA catalog. The
authors also described a simple approach to use data-

base interrogation and homology search to find the

putative cDNA corresponding to the protein that was

sequenced. During the same year Hirano (1997) inves-

tigated proteins from endosperm and embryos of seed,

leaves and roots following 2D-PAGE technique. A total

of 278 proteins were resolved and N-terminal and in-

ternal amino acid sequences of 121 proteins were se-
quenced in these four tissues. While, sequences of only

51 proteins were found identical to those proteins re-

ported in the database. This finding provided significant

knowledge on the differential expression of proteins in

different tissues.

Komatsu et al. (1999a) carried out a comparative

proteome investigation on green and etiolated shoots of

rice seedlings, and analyzed 85 proteins by a gas-phase
proteins sequencer, out of 300 major protein spots de-

tected on a 2D-gel by CBB staining. Among them, 21

and 39 proteins were identified by N-terminal and in-

ternal amino acid sequences, respectively. In this man-

ner, the major proteins were identified to be involved in

growth regulation in green and etiolated rice shoots of

seedlings, although nine proteins were found to be

common in both the tissues. During this year, this group
of scientists conducted another proteome analysis of rice

suspension cultured cells (Komatsu et al., 1999b). One-

hundred three major protein spots from this cells were

analyzed and determined the amino acid sequences of 20

and 32 proteins by N-terminal and internal amino acid

sequence analysis, respectively. The identified proteins

were searched for their functional categories and found

to be involved in growth and development of rice cell
suspension cultures. This work provided a basic idea on

the major growth regulating proteins present in these

cells.

Imin et al. (2001) used rice anthers at the young mi-

crospore stage for proteome analysis. This organ of

plant is critical for plant production and is sensitive to

various environmental stresses. Over 4000 proteins spots

were detected on 2D-PAGE within the pI range 4–11
and molecular weight 6-122 kDa by silver staining.

Among these 4000 proteins spots, they analyzed 273

proteins by N-terminal sequencing and mass spectrom-



Table 1

Proteome analysis of various tissues and organelles in rice

Tissue/organelle Spotsa ID by Edman

sequencingb
ID by mass

tag

Experimental

condition

Ref.

Tissue

Embryo 600CBB, 700Ag Komatsu et al. (1993)

Endosperm 100CBB 27N, 11U, 23I 2D-PAGE

Leaf 150CBB

Leaf 4616Ag 43Tot (16M) 2D-PAGE Tsugita et al. (1994)

Stem (1M)

Root (1M)

Germ (3M)

Dark

Germinated

Seedling

Seed

Bran

Chaff

Callus (6M)

Leaf �5000Ag 51N 2D-PAGE Tsugita et al. (1996)

Stem

Root

Germ

Dark

Germinated

Seedling

Seed

Bran

Chaff

Callus

Root 292CBB 76Nþ I, (42M) 2D-PAGE Zhong et al. (1997)

Endosperm 121Nþ I, (51M) 2D-PAGE Hirano (1997)

Embryos

Leaf

Root

Green and etiolated shoot �300CBB 21N, 39I 2D-PAGE Komatsu et al. (1999a)

Cultured suspension cells �300CBB 20N, 32I 2D-PAGE Komatsu et al. (1999b)

Anther �4000Ag 273NþMS(62M) 2D-PAGE Imin et al. (2001)

Leaf �2600Ag 2D-PAGE after

PEG fractionation

Kim et al., 2001

Leaf sheath 352CBB 44Nþ I (31M) 59 (59M) 2D-PAGE Shen et al. (2002)

Embryo 700CBB 31N, 69I (28M) 150 (46M) Woo et al. (2002)

Leaf 2528Tot 2-DE and Koller et al. (2002)

Root (2251M) MudPIT

Seed

Leaf sheath 431CBB 7N, 6I 66M 2D-PAGE Tanaka et al. (2004a,b)

Root 508CBB 38N 35M Gibberellin

Cultured suspension cells 962CBB 50N 90M Regulation

Organelle

Chloroplast 276Ag 13N (7M) 2D-PAGE Tsugita et al. (1994)

Golgi Mikami et al. (2001)

Mitochondria 232ðMSÞ 91ðMÞ BN-PAGE Heazlewood et al. (2003)

170ðLC=MSÞ 45ðMÞ LC–MS

Nucleus 549CBB 17N, 22I (30M) 178 (160M) 2D-PAGE This study

U – unblocked peptide sequence; I – internal peptide sequence; M – identification made by homology search with peptide sequence.
a CBB – Coomassie brilliant blue stain, Ag – sliver stain.
bN – N-terminal peptide sequence.
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etry. And through database matching and PMF analysis

62 different proteins were identified. The major proteins

identified consisted of house keeping proteins, heat

shock proteins, many putative proteins, including a 20S

proteasome, Jun activated domain binding proteins and
a newly identified translationally controlled tumor pro-

tein. They have constructed a proteome reference map

for this organ and have made available at http://semele.

anu.edu.au/2d/2d.html. This rice anther proteome map

presents an insight into the normal microspore devel-

opment. Moreover, information provided in this data-

base also serves as a good reference for similar studies in

other plants.
An improved fractionation method proposed by Kim

et al. (2001) for the analysis of rice leaf proteins put

forward one step in this area of research. The high

abundance of RuBisCO in rice leaf often limits the

analysis of other low abundant proteins. They have re-

solved this drawback by the development of a simple

extraction and fractionation technique with polyethyl-

ene glycol (PEG) to analyze rice leaf proteins. This
fractionation technique helped them to analyze 2.7 times

more well separated protein spots compared with single-

step 2-DE analysis. Following this improved technique,

at least 2600 well-separated protein spots from leaves

could be analyzed. The PEG fractionation technique,

thus found to be superior to the typical used ammonium

sulfate or sucrose gradient fractions. Technical modifi-

cation on the existing technology made by this group
contributes significantly for proteome analysis of com-

plex tissues.

In 2002, an efficient proteome analysis of leaf sheath

from rice seedling was performed using 2D-PAGE fol-

lowed by Edman sequencing and matrix-assisted laser

desorption ionizaton time-of-flight (MALDI-TOF)

mass spectrometric analysis (Shen et al., 2002). Three

hundred fifty two protein spots were detected by image
analysis in this tissue and the amino acid sequences of 44

out of 84 major selected proteins were determined; and a

clear function of 31 proteins were assigned but for 12

proteins, no function could be assigned. Further, by

using MALDI-TOF-MS they were able to identify 59

proteins having similarity with the database. The phys-

iological significance of the proteins identified from the

N-terminal and internal amino acid sequences were de-
termined. This work demonstrates that a combination of

2D-PAGE, Edman sequencing, MALDI-TOF-MS and

MS/MS is very important for the efficient analysis of rice

leaf sheath proteins. Almost in parallel, an efficiently

peptide mapping technique has been reported and il-

lustrated its application to identify embryo proteins for

rice proteome analysis (Woo et al., 2002). Seven hun-

dred proteins were separated on 2D-gels and detected by
CBB staining. One hundred embryo proteins were se-

lected for analysis, of which the N-terminal amino acid

sequences of 31 proteins could be done. Rest 69 proteins
were N-terminally blocked and analyzed for their in-

ternal sequences following Cleveland peptide mapping

method. Out of 100 analyzed proteins, only 28 proteins

showed sequence similarity to the proteins with known

function in the database. They also analyzed another
150 proteins by peptide mass fingerprinting using

MALDI-TOF-MS and could identify only 46 proteins.

Rest of the proteins could not be identified due to the

lack of complete nucleotide sequence of rice genome and

the information provide in the protein database to date

in not enough to identify all the proteins. Nevertheless,

their work provides an improved sample preparation for

peptide mapping after 2D-PAGE, which is very useful
for rice proteome analysis.

Koller et al. (2002) have presented a detailed and

systematic proteome work on rice tissues. The proteome

from leaf, root and seed from rice were extensively an-

alyzed using 2D-PAGE and multi-dimensional protein

identification technology (MudPIT). Following these

two techniques, they could detect and identify a total of

2528 unique proteins (6296 peptides) in these tissues. Of
these 2528 proteins, 2251 proteins were identified with

peptides that uniquely identify the proteins. The other

277 proteins could not be identified, because the pep-

tides that matched to these proteins also matched to

other proteins. The identified proteins were sorted into

16 different groups according to their functional cate-

gories. The most abundant category was reported to be

occupied by proteins with as yet unidentified function
and proteins with very low or no detectable homology to

other predicted proteins in the database (32.8%). The

second most abundant class of proteins was classified as

being involved in metabolic processes (20.8%), followed

by protein destination (8%), cell rescue, defense, cell

death and ageing (6%), protein synthesis (5%), energy

(5%), cellular organization (5%), retrotransposons and

plasmid proteins (5%), transport facilities (1%), devel-
opment (1%), and intracellular transport (1%) etc. It is

important to note that majority of the proteins identified

by this group showed a tissue-specific expression pat-

tern; unlike 189 proteins (7.5%) those were expressed in

all the 3 tissues analyzed. A tissue-specific expression of

metabolic pathways has also been reported here using

proteomic approach. These results indicate that the

combination of multidimensional proteomic technolo-
gies with quantitative methods allow the integration of

mRNA and protein expression data, and endorse to

understand the complex metabolic networks in plants.

Recently, Tanaka et al. (2004a) have conducted an

well-organized proteome analysis of rice leaf sheath,

root and cultured suspension cells using 2D-PAGE,

Edman sequencing, mass spectrometry followed by da-

tabase searching. They also investigated the gibberellin
(GA) regulated proteins in these tissues. The identified

proteins were 79 of the 431 spots detected on 2D-gel by

CBB staining in leaf sheath, 73 of the 508 spots in root,

http://semele.anu.edu.au/2d/2d.html
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and 140 of the 962 spots in cultured suspension cells.

Protein data-files were constructed and divided the

proteins according to their functional categories.

The GA regulated proteins were also determined from

the data-files and reported that 8, 20, and 15 proteins
were regulated by GA in leaf sheath, root and cultured

suspension cells, respectively. The rice tissue proteome

data-files constructed by this group were found to be

very useful for rapid assessment of any changed proteins

by GA. Komatsu et al. (2004) has constructed a rice

proteome database web-site (http://gene64.dna.af-

frc.go.jp/RPD/main.html) that provides enormous in-

formation on proteome analysis of 15 different tissues
and organelles of rice. This is a milestone for functional

analysis of rice genome and might serve as a useful site

for the researchers working on proteome.
3. Proteome analysis of rice organelles

Rice subcellular compartment proteomics provide
available information on functional genomics, which

include the determination of the open reading frames

from genome sequences, proteins for sub cellular com-

partment function, and identify novel components in-

volved in the compartments biogenesis. To date, a small

number proteome research has been carried out on

various organelles in rice (Table 1).

Analysis of proteins from rice chloroplast is the first
organelle proteome work (Tsugita et al., 1994). A total

of 276 protein spots were resolved on 2D-gel, of which

only 16 proteins were analyzed for their N-terminal se-

quences and 13 proteins could be sequenced. Out of the

sequenced proteins, seven proteins could be identified

and six proteins remained unknown. This is a pre-

liminary but the first report on rice chloroplast prote-

ome analysis. Their report provides a brief idea on the
proteins in rice chloroplast and encouraged the re-

searchers to study this organelle in detail for better un-

derstanding the critical role of chloroplast in rice plant.

Mikami et al. (2001) separated the Golgi complex

from rice. Golgi complex is a very important multi-

functional organelle in rice where many important bio-

chemical process, particularly biosynthesis of complex

cell surface polysaccharides and the processing and
modification of glycoproteins take place. The structure

and functional unit of the plant Golgi complex is

thought to be the Golgi stack, the trans-Golgi network

and the Golgi matrix. The distinct compartments of the

Golgi from rice and tobacco were separated following

sucrose density gradient centrifugation technique with

EDTA or MgCl2. At least 4 distinct compartments in

the rice Golgi complex have been reported. Rice
microsomal proteins were also isolated following SDS–

PAGE technique. Using lectin and some specific anti-

body, they determined the sedimentation behaviors of
compartments specific proteins in rice Golgi complex.

These results facilitate to isolate different components

from rice Golgi complex and further proteome analysis.

Furthermore, an improvement on 2-DE technology for

the separation of rice organelle membrane proteins has
been reported (Mikami et al., 2002). The cytosolic and

membrane associated proteins from rice cells were sep-

arated and compared by two different 2D-PAGE

methods, namely isoelectric focusing (IEF)/SDS–PAGE

and non-equilibrium pH gradient electrophoresis

(NEPHGE/SDS–PAGE). It has been suggested that

NEPHGE/SDS–PAGE is very useful for the proteome

analysis of rice membrane associated proteins, but IEF/
SDS–PAGE of the cytosolic fraction showed more

resolution.

Recently, a comprehensive report on rice mitochon-

drial proteome has been presented (Heazlewood et al.,

2003). The separated the purified mitochondrial proteins

by IEF/SDS–PAGE, blue-native PAGE, and reverse

phase high performance liquid chromatography (LC).

Following these separation techniques, they could detect
highly basic and acidic proteins (isoelectric point 4.0–

12.5), and proteins over a large molecular mass (6.6–252

kDa). About 250 mitochondrial protein spots were re-

solved by IEF/SDS–PAGE technique and 145 spots

were analyzed by MS/MS. They could identify 80 pro-

teins as the products of 63 predicted gene sequence from

rice. While, the membrane fraction of rice mitochondria

that contains a large number of hydrophobic proteins
was separated by blue-native SDS–PAGE and detected

100 protein spots. Out of them, 89 protein spots were

analyzed and 57 proteins were identified as the products

of 49 rice genes. Sequence comparison allowed them to

assign functions to 85 proteins. Further, complete di-

gestion of mitochondrial proteins with trypsin yielded a

peptide mixture that was analyzed directly by reverse-

phase LC. This provided 170 MS/MS spectra that
matched 72 sequence entries from open reading frame

and expressed sequence tag database. The authors re-

ported the first direct identification of pentatricpeptide

repeat protein in plant mitochondrial proteome analysis.

Their works provide a comprehensive mitochondrial

proteome analysis including the tools required for ex-

tensive plant proteome analysis.
4. Proteome analysis of rice nucleus

4.1. Results

4.1.1. Isolation of purified nuclei from rice cultured

suspension cells

The integrity of a subcellular proteome, such as nuclei,
is largely dependent on the purification of the isolated

compartment away from other cellular contaminants.

The separation of high-purity nuclei from plant is a

http://gene64.dna.affrc.go.jp/RPD/main.html
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Fig. 2. Two-dimensional polyacrylamide gel electrophoresis map of

rice nuclear proteins. Proteins were extracted from the purified nuclei

of rice cultured suspension cells and separated by 2D-PAGE with IEF

and IPG in the first dimension and SDS–PAGE in the second di-

mension. The 2D maps separately constructed from IEF and IPG tube

gels were overlapped at around pI 6.0. After detection by CBB stain-

ing, protein spots were analyzed by Image-Master 2D Elite. Numbers

indicate the different nuclear protein spots and the spots, which are not

numbered, are the molecular markers. The pI and relative molecular

weight of each protein were determined using 2D-PAGE marker.
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difficult task. A series of fractionation process were fol-

lowed to obtain purified nuclei. Initially, 2.0 M sucrose

density gradient (Morre and Andersson, 1994) and per-

coll density gradient (Folta and Kaufman, 2000) centri-

fugation techniques were adopted to isolate nuclei from
rice cultured suspension cells. The modified sucrose

gradient method (described in this study) was found

more rapid and efficient for the isolation of nuclei from

rice cultured suspension cells. Photomicrograph of nu-

clei-enriched fraction is presented in Fig. 1(a). The nuclei

were uniform spheres with an average diameter of ap-

proximately 20 lm. The nuclear proteins were prepared

from the purified nuclei using lysis buffer (O’Farrell,
1975). The protein profile of the nuclear fraction on

SDS–PAGE appeared distinct from that of the other

fractions (Fig. 1(b)). The purity of the isolated nuclear

fraction was evaluated by Western blot analysis using

Histone H1, a specific antibody for nuclear protein. Hi-

stone H1 was found in the nuclear fraction, but not in the

supernatant fraction (Fig. 1(b)), suggesting that the

preparation is enriched in nuclear proteins.

4.1.2. Identification of nuclear proteins

Isolated nuclear proteins were separated by 2D-

PAGE using IEF and IPG tube gels (Hirano et al., 2000).

The samples were analyzed in more than five times.

Computer analysis of the Image-Master 2D Elite soft-

ware of the CBB stained gels reproducibly revealed 549

different spots in the pH range 4–10. After 2D-PAGE,
proteins were analyzed by Edman sequencing and mass

spectrometry. Among the 549 proteins detected in the

nucleus of rice, 257 protein spots those were more

abundant in the 2D-gels were selected for analysis. Ini-

tially, the proteins separated by 2D-PAGE were elec-

troblotted onto a polyvinylidene difluoride (PVDF)

membrane and 100 strongly visible protein spots were

selected for analysis by Edman sequencing. The N-ter-
Fig. 1. Isolation of rice nuclear proteins: (a) micrograph of isolated rice

nuclei. Bar, 50 lm; (b) Western blot analysis of fractionated proteins

with anti-Histone-H1 antibody. M, low molecular marker; N, nuclear

fraction from sucrose density gradient centrifugation; S, supernatant

fraction from sucrose density gradient centrifugation.
minal amino acid sequences of 17 out of 100 proteins

were determined in this manner and 83% of the proteins
were N-terminally blocked. The internal amino acid se-

quences of 22 proteins were determined by sequence

analysis of peptides obtained by peptide mapping

(Cleveland et al., 1977) with Staphylococcus aureus V8

protease. Among the amino acid sequences of 39 pro-

teins determined from N-terminal and internal amino

acid sequence analysis, the sequences of nine proteins did

not match to the sequences of known proteins/genes in
the database. Thus, 30 nuclear proteins could be identi-

fied by Edman sequence analysis. Then 178 proteins were

systematically analyzed by MALDI-TOF-MASS and a

total of 160 proteins could be identified, other 18 proteins

did not have any homologies to any rice proteins/genes in

the available database. The detailed list of the identified

nuclear proteins is provided in Rice Proteome Database

web-site, which is available at http://gene64.dna.
affrc.go.jp/RPD/main.html (see Fig. 2).
4.1.3. Functional classification of nuclear proteins

To understand the function of the nuclear proteins,
the identified proteins were sorted into different catego-

ries as shown in Fig. 3. Of the 190 proteins identified

following Edman sequencing and mass spectrometric

analysis, the most abundant category was classified as

being involved in signal transduction and gene regulation

(29%). Proteins with no assigned function occupied the

second most abundant class (26%), as the function of

these proteins are not yet identified or clearly known and
are therefore considered to be rice nuclear-specific

http://gene64.dna.affrc.go.jp/RPD/main.html
http://gene64.dna.affrc.go.jp/RPD/main.html
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Fig. 3. Assignment of the identified nuclear proteins to functional

categories. The percentages of proteins in each functional category

from the total number (190) of identified proteins are shown.
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proteins. A high percentage (10%) of proteins were

identified to be involved in metabolism, which include

RNA and carbon metabolism. A significant fraction of

the proteins were involved in housekeeping functions,

such as cell structure (6%), translation (11%), and DNA

replication/repair/modification (2%). The identified nu-

clear proteins were also found to be involved in protein
degradation (6%) and protein folding (3%). Proteins

categorized in other functions, include the proteins in-

volved in defense, energy production and cell growth etc.

Thus, using 2D-PAGE, Edman sequencing, and mass

spectrometry, followed by database searching, nuclear

proteins were comprehensively identified, and observed

that the proteins were involved in a variety of functions.
4.2. Discussion

The gene sequence of rice is in immense progress

(Sasaki et al., 2002) and complete rice genome for dif-
ferent cultivars is going to be published soon. Mean-

while, proteome projects were initiated to systematically

characterize gene products of defined organelles from

rice (Heazlewood et al., 2003; Tanaka et al., 2004b). The

present paper reports the initiation of rice proteome

project. An important criterion for a specific organelle

proteome is the purity of the component to be analyzed.

The rice nucleus is one of the most complex and very
important organelles in rice cell. It consists of multiple

compartments including the nucleus and carries out a

variety of processes fundamental to cell function (La-

mond and Earnshaw, 1998). The rice nuclei isolated in

this study was checked under the light microscope as

well as Western blot analysis. The nuclei were uniform

spheres with an average diameter of approximately 20

lm. Pea nuclei were also observed uniform spheres with
an average diameter of about 20–30 lm, but the Ara-
bidopsis nuclei were smaller in diameter (5–0 lm) and

non-spherical (Folta and Kaufman, 2000). Data sug-

gests that the isolated nuclei were highly purified. Hence,

proteins from the purified nuclei were extracted and

used for further proteome analysis.
The combination of 2D-PAGE and MS is a better

approach to study complex patterns of gene expression

at the proteome level (Pandey and Mann, 2000), and

provides both higher sensitivity and higher throughput

than is possible with Edman sequencing. A total of 549

rice nuclear proteins were resolved within the pI value

4.0–10. This is in consistence with the Arabibopsis nu-

clear proteins, reported by Bae et al. (2003), where
they detected around 544 protein spots in the pI range of
3–10. Among the proteins detected, 257 proteins were

analyzed using Edman sequencing and MS analysis and

identified 190 proteins following database searching.

This is the first comprehensive report on rice nuclear

proteome to our knowledge. The identified proteins

were classified according to their functions (Fig. 3). The

role of rice nucleus can be plainly understood from this
graph. The proteins were found to be involved in dif-

ferent cellular functions, e.g., signaling, gene regulation,

structure, metabolism, translation, protein degradation

and folding. It is interesting to note that proteins in-

volved in signaling and gene regulation dominated

others, reflecting the role of nucleus in gene expression

and regulation. While, in other organelles, like chloro-

plast and mitochondria, the largest percentage of pro-
teins were reported to be involved in energy production,

either in electron transport or in ATP production

(Millar et al., 2001; Peltier et al., 2000).
4.3. Experimental

4.3.1. Extraction and separation of rice nuclear proteins

Nuclei were prepared from rice cultured suspension

cells following the sucrose density gradient method de-

scribed by Morre and Andersson (1994) with some

modification. Rice cultured suspension cells used for the

isolation of nuclei was cultured in N6 liquid medium
(Murashige and Skoog, 1962) supplemented with 1 ml

l�1 2,4-dichlorophenoxyacetic acid (2,4-D) under con-

tinuous shaking in an incubator at 22 �C. All the steps

for the isolation of nuclei were performed on ice or at 4

�C. Approximately 3 g of rice cultured suspension cells

were taken in a glass mortar and five ml homogenization

medium containing 50 mM HEPES (pH 7.4), 10 mM

KCl. 1mM EDTA, 10 mM ascorbate, 0.1% bovine se-
rum albumin, 20 mM dithiothreitol, and 400 mM su-

crose was added and homogenized by a pestle. The

homogenates were passed two times through a double

layer Miracloth (Calbiochem, Darmstadt, Germany).

The homogenate was transferred to a 15 ml falcon tube

(Becton Dickinson Labware, Franklin Lakes, NJ, USA)
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and centrifuged at 1000 g for 10 min in an AG-6512C

rotor. The pellet was resuspended in the homogenization

medium and layered on top of a 2.0 M sucrose cushion

prepared in 37.5 mM Tris–maleate (pH 6.5), 5 mM

MgCl2, and 1% dextrin T500 (Pharmacia, Uppsala,
Sweden) and centrifuged at 50,000g for 30 min. The

supernatant solution was removed carefully, and the

pellet was resuspended again in the above homogeni-

zation medium. The suspension was further layered on

top of the 2.0 M sucrose cushion and centrifuged at

50,000g for 30 min. The pellet containing the nuclei was

observed under a microscope (Nikon microphot-FXA,

Yokohama, Japan). The nuclei enriched pellet was em-
ployed for the isolation of nuclear proteins using lysis

buffer (O’Farrell, 1975). Purity of the nuclear proteins

was tested following Western blot analysis using anti-

Histone H1 antibody (Santa Cruz Biotechnology, Inc.,

Santa Cruz, CA, USA).
4.3.2. Two-dimensional polyacrylamide gel electrophore-

sis

The prepared nuclear proteins were separated in the

first dimension by isoelectric focusing (IEF) or immo-

bilized pH gradient (IPG) tube gel (pH 6–10, Daiichi-

Kagaku, Tokyo, Japan) and in the second dimension by
SDS–PAGE. IEF gel tube solution consisted of 8 M

urea, 3.5% acrylamide, 2% NP-40, and an equal mixture

of 2% Ampholines (pH 3.5–10 and 5–8). Electrophoresis

was carried out at 200 V for 30 min, followed by 400 V

for 16 h and 600 V for 1 h. For IPG gel electrophoresis,

samples were applied to acidic side of gels and electro-

phoresis was carried out at 400 V for 1 h, followed by

1000 V for 16 h and 2000 V for 1 h. SDS–PAGE in the
second dimension was performed using 15% polyacryl-

amide gel and 5% staking gel at a constant current of 35

mA. The gels were stained with CBB and pI and mo-

lecular mass were determined by the 2D-PAGE Marker

(Bio-Rad, Richmond, CA, USA). After staining, gels

were scanned using a flatbed scanner, and the data were

analyzed using Image-Master 2D Elite software

(Amersham Biosciences, Piscataway, NJ, USA).
4.3.3. N-terminal and internal amino acid sequence

analysis

The proteins separated by 2D-PAGE gel were elec-
troblotted onto a PVDF membrane (Pall Bio Support

Division, Port Washington, NY, USA) using a semi-dry

transfer blotter (Nippon Eido, Tokyo, Japan), and vi-

sualized by staining with CBB. The protein spots were

excised from the PVDF membrane and directly sub-

jected to Edman degradation on a gas-phase protein

sequencer (Procise 494, Applied Biosystems, Foster

City, CA, USA). The N-terminally blocked proteins
were further analyzed following Cleveland peptide
mapping technique (Cleveland et al., 1977). Following

separation by 2D-PAGE, gel pieces containing protein

spots were excised out and the proteins were electroe-

luted from the gel pieces using an electrophoretic con-

centrator (Nippon Eido) 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 ll of an SDS sample buffer

containing 0.5 M Tris–HCl (pH 6.8), 10% glycerol, 2.5%

SDS, and 5% 2-mercaptoethanol and applied to a

sample well in an SDS–PAGE gel. The sample solution

was overlaid with 20 ll of a solution containing 10 ll of
S. aureus V8 protease (0.1 lg ll�1) (Pierce, Rockford,
IL, USA) and 10 ll of the SDS sample buffer. Electro-

phoresis was carried out until the sample and protease

were stacked in the staking gel, interrupted for 30 min to

digest the protein. Electrophoresis was further contin-

ued and the digests were electroblotted onto a PVDF

membrane and subject to amino acid sequencing as

above. The amino acid sequences were compared with

protein sequences in a SWISS-Prot, PIR, Genpept and
PDP database using the FastA sequence alignment

program.
4.3.4. Matrix-assisted laser desorption ionization time-

of-flight mass spectrometric analysis

The CBB stained protein spots were excised from

gels, washed with 25% methanol and 7% acetic acid for

12 h at room temperature, and destained with 50 mM

NH4HCO3 in 50% methanol at 40 �C for 1 h. After

drying in vacuum, the gel spots were reduced with 10

mM EDTA, 10 mM dithiothreitol, and 100 mM

NH4HCO3 at 60 �C for 1 h. The gels were dried in
vacuum and incubated in an alkyline solution contain-

ing 10 mM EDTA, 40 mM iodoacetamide, and 100 mM

NH4HCO3 at room temperature for 30 min in the dark.

The gel pieces were minced, dried in vacuum and di-

gested in 10 mM Tris–HCl (pH 8.0) containing 1 pM

trypsin (Sigma, St. Louis, MO, USA) at 37 �C for 12 h.

The digested peptides were extracted from the gel slices

with 0.1% trifluoroacetic acid in 50% acetonitrile/water
for three times. The peptide solution, thus obtained, was

dried up and reconstituted with 30 ll of 0.1% TFA in

5% acetonitrile/water, and then desalted by Zip-

TipC18TM pipette tips (Millipore, Bedford, MA, USA).

The purified peptide solutions (2 ll) were mixed with

equal volume of matrix solution (10 mgml�1 a-cyano-4-
hydroxycinnamic acid, 0.3% trifluoroacetic acid and

50% acetonitrile) and air-dried on a plate for analysis
using MALDI-TOF-MASS (Voyager-DE PR, Applied

Biosystems, Framingham, MA, USA). Calibration

was carried out using a standard peptide mixture. The

mass spectra were subjected to sequence database search

with Mascot software (Matrix Science Ltd., London,

UK).
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5. Conclusion

Rice proteome analysis began its way in 1995 with the

separation and cataloging of proteins from different

tissues. The remarkable progress achieved in protein
identification and functional analysis during the last

5 years, makes objectives beyond the simple cataloguing

of proteins a realistic aim. This progress was made

possible due to some major technical advances of pro-

teome analysis including the progress in rice genome

sequence analysis. The various rice proteome work

outlined here, reflects that proteome is growing in scope

and importance in the field of rice functional genomics.
The comprehensive proteome analysis of rice nucleus

presented here provides an insight into the functional

role of the organelle. Still there are a number of rice

tissues and organelles that need to be addressed com-

prehensively to improve and develop rice proteomics to

its full. Besides the thousands of proteins that remain to

be discovered following the sequence of rice genomes,

functional proteomics and the mining of protein ex-
pression profiles certainly constitute the next challenge

for coming years in rice proteomics. The rice proteome

analysis data provides necessary information to the

breeders and greatly helps in understanding the growth

and defense mechanism of the plant.
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