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Cytosolic and membrane-associated proteins prepared from rice cells were separated and compared by
two diŠerent 2D-PAGE methods, isoelectric focusing
SDS-PAGE and nonequilibrium pH gradient
(IEF) W
SDS-PAGE. Although IEF
electrophoresis (NEPHGE) W
SDS-PAGE
of
the
cytosolic
proteins showed su‹cient
W
resolution, some mitochondrial and basic microsomal
membrane-associated proteins were weakly or hardly
detectable on the 2D gel. High-quality and -quantity
separation of the organelle membrane-associated proSDS-PAGE, the
teins was accomplished by NEPHGE W
advantage of this method being more critical in tightly
membrane-bound proteins that were unwashable with
SDSNaCl. These results indicate that NEPHGE W
PAGE is a useful tool for the proteomic analysis of rice
membrane-associated proteins.
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Since O'Farrell1) introduced the useful technique
of high-resolution two-dimensional polyacrylamide
gel electrophoresis (2D-PAGE), the procedure of 2DPAGE has been improved by several researchers2–6)
and it has become one of the most powerful tools for
the separation and quantiˆcation of proteins from a
complex mixture.7–12) However, further technical improvement for separating organelle membrane proteins by 2D-PAGE was still necessary. In the present
communication, we report a suitable procedure by
2D-PAGE for the proteomic analysis of rice organelle membranes.
Suspension-cultured cells derived from the embryo
of rice seed (Oryza sativa L. cv. Nipponkai) were
fractionated by diŠerential centrifugation into the
mitochondria (10,000×g pellet), microsomes
(100,000×g pellet) and cytosol (100,000×g supernatant).13) These cell-fractionated preparations were
extracted with phenol W
chloroform W
methanol according to the procedure of Hurkman and Tanaka14) to
remove the nonprotein components that would

otherwise interfere with isoelectric focusing. Each
preparation was dissolved and adjusted to 1.0 ml
with an extraction buŠer consisting of 100 mM TrisHCl, 10 mM EDTA, 100 mM KCl, and 2z (v W
v) 2mercaptoethanol (pH 7.5). The suspension was mixed with an equal volume of water-saturated phenol
and shaken vigorously for 10 min at room temperature. After centrifugation at 10,000×g for 10 min,
the lower phenol phase was shaken again with an
equal volume of the extraction buŠer. The ˆnal
phenol phase was mixed with 6 volumes of 0.1 M ammonium acetate in methanol and incubated overnight
at „209C. The precipitate obtained by centrifugation at 10,000×g for 10 min was washed three times
with 0.1 M ammonium acetate in methanol and once
with acetone, before being dried. The extraction
procedure was critical to obtain the high-quality and
-quantity separation of rice membrane-associated
proteins by 2D-PAGE. Extraction with acetone or

Table 1. Comparison of the Conditions for First-dimensional
Gel Electrophoresis by IEF and NEPHGE
IEF
Gel solution
Urea
30z Acrylamide W
1.6z Bis
20z NP-40
40z Ampholine (pH 3.5–10)
40z Ampholine (pH 7–9)
40z Ampholine (pH 5–8)
10z APS
TEMED
Electrode buŠer
20 mM NaOH (cathode)
15 mM Phosphoric acid (anode)
Running conditions
Prerunning

Running

NEPHGE

Final conc.
8M
8M
4z W
0.21z
4z W
0.21z
1.0z
1.0z
1.0z
0.33z
—
0.33z
1.0z
0.33z
0.2z
0.2z
3.0z
3.0z
Position
Upper
Lower

Lower
Upper

200 V, 15 min
300 V, 15 min
400 V, 30 min
400 V, 19 h

—
—
—
300 V, 4 h
600 V, 30 min
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Fig. 1.

Two DiŠerent 2D-PAGE Patterns of the Proteins Extracted and Prepared Distinct Compartments of Rice Cells.
Each protein sample (200 mg) extracted from the cytosol- (top panel), mitochondria- (middle panel), or microsome-enriched fraction
SDS-PAGE (A) and NEPHGE W
SDS-PAGE (B). The separated proteins in the 2D gels were
(bottom panel) was separated by IEF W
stained with CBB.

ether alone was not enough to achieve good separation (data not shown). The dried precipitate was
dissolved in a lysis buŠer consisting of 9 M urea, 3z
(v W
v) nonidet P-40 (NP-40), 2z (v W
v) 2-mercaptoethanol, and 2z (v W
v) ampholine (pH 3.5–10).
Finally, the sample was centrifuged at 100,000×g for
10 min to remove any insoluble materials.
2D-PAGE was performed by two diŠerent proceSDS-PAGE. To make 12
dures, IEF and NEPHGE W
ˆrst-dimensional IEF or NEPHGE disc gels (11.5 cm
×q3 mm), 7.2 g of urea, 2 ml of acrylamide stock
(30z acrylamide and 1.6z bis-acrylamide), 6.24 ml
of H2 O, 0.75 ml of 20z (w W
v) NP-40, 0.75 ml of
v) ampholine, 30 ml of 10z (w W
v) ammoni40z (w W

um persulfate (APS), and 45 ml of N,N,N?,N?tetramethyl ethylenediamine (TEMED) were mixed
and poured into glass tubes. The components of ampholine for IEF and NEPHGE were in the pH range
of 3.5–10 W
5–8 (1:1) and 3.5–10 W
5–8 W
7–9 (1:1:2), respectively. The electrode buŠers and running conditions for IEF and NEPHGE, as well as those of the
gel components are summarized in Table 1. Eighty ml
of each sample (approximately 200 mg of proteins)
was loaded on to a disc gel. After ˆrst-dimensional
PAGE, the gel was placed in an equilibration solution consisting of 0.06 M Tris-HCl (pH 6.8), 2.5z
(w W
v) SDS, 5z (w W
v) 2-mercaptoetanol, and 10z
(v W
v) glycerol for 10 min while gently shaking twice.
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Fig. 2. Separation Proˆle of the Proteins Extracted from the
NaCl-Unwashable Fraction in Rice Microsomes by NEPHGE W
SDS-PAGE.
Microsomal membranes were treated with 0.3 M NaCl and
centrifuged at 100,000×g for 30 min. The proteins (200 mg) in
the NaCl-unwashable fraction were separated by NEPHGE W
SDS-PAGE.

The gel was then placed on a second-dimensional
SDS-slab gel and sealed with 0.5z (w W
v) agarose dissolved in an equilibration solution without 2-mercaptoethanol. The separation gel (10×14 cm, 1 mm in
w) SDS and 19z
thickness) contained 0.1z (w W
(w W
w)
acrylamide
(acrylamide W
bisacrylamide,
30:0.135) in a 0.375 M Tris-HCl buŠer (pH 8.8),
while the stacking gel contained 0.1z SDS and
5z (w W
w) acrylamide (acrylamide W
bisacrylamide,
30:0.8) in a 0.125 M Tris-HCl buŠer (pH 6.8). Electrophoresis was carried out according to the procedure of Laemmli15) at a constant current of 6–7 mA
per plate. The separated proteins on the 2D gels were
visualized by staining with Coomassie brilliant blue
(CBB) R-250. The isoelectric point and molecular
size of each protein were evaluated by using the BioRad 2D-SDS-PAGE standards. The protein spots in
the 2D gels were detected and characterized by an imaging analyzer with PDQuest 2D gel analysis
software (Bio-Rad, Japan).
A comparison of the separation proˆles of the
proteins extracted and prepared from diŠerent compartments of rice cells between IEF and NEPHGE W
SDS-PAGE are shown in Fig. 1. In the case of IEF W
SDS-PAGE, the cytosolic proteins showed good
separation with many protein spots spread widely on
the gel (Fig. 1A, top panel). However, the total
CBB-stained intensity of the mitochondrial and
microsomal membrane-associated proteins on the 2D
gel (Fig. 1A, middle and bottom panels) was weak
compared with that of the cytosolic proteins. The
stain intensity was not improved by any changes in
the gel and running conditions (data not shown).

Fig. 3. Separation Proˆles of the Proteins Extracted from
Microsomes in the Shoot and Scutellar Tissues of Rice Seedlings
SDS-PAGE.
by NEPHGE W
Rice seeds were germinated for 4 days in the dark at 309C.
The microsomal membrane proteins prepared from the shoot
and scutellar tissues of the seedlings (300 mg and 200 mg, respecSDS-PAGE.
tively) were separated by NEPHGE W

Some proteins perhaps aggregated on the top of gel
during IEF. As shown in Fig. 1B (middle and bottom
panels), many more proteins, particularly the basic
proteins, were separated and detected by NEPHGE W
SDS-PAGE than by IEF W
SDS-PAGE. The imaging
analysis of 2D gels indicated that the total number
and volume of protein spots detected on the
NEPHGE W
SDS gels were approximately twofold
those on the IEF W
SDS gels (data not shown). It must
be stressed that the intensity and number of spots
appearing in the acidic and neutral areas was also
higher, although it is known that NEPHGE W
SDSPAGE is useful for the separation of basic proteins.16) The separation of rice membrane-associated
SDS-PAGE was highly
proteins by NEPHGE W
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reproducible even when the amount of proteins
loaded on to the disk gel was increased to 350 mg
(data not shown). The advantage of the NEPHGE W
SDS-PAGE analysis was also critical in tightly membrane-bound proteins that were unwashable with
NaCl (Fig. 2). The reason why NEPHGE W
SDSPAGE gave such good separation of the membraneresident proteins might be that the basic proteins rapidly enter the gel and separate from the acidic proteins in the early stage of electrophoresis; therefore,
little aggregation of the acidic and basic proteins
occurs in the loaded sample. In contrast, NEPHGE W
SDS-PAGE was inappropriate for rice cytosolic proteins (Fig. 1B, top panel). Microsomal membrane
proteins prepared from the shoot and scutellar tissues
of rice seedlings germinated for 4 days in the dark at
309C were separated by NEPHGE W
SDS-PAGE as
well as those of suspension-cultured cells (Fig. 3). It
was easy to compare and analyze the resident proteins in microsomal membranes prepared from diŠerent tissues by NEPHGE W
SDS-PAGE. Overall these
results indicate that NEPHGE W
SDS-PAGE is a useful tool for the proteomic analysis of rice membraneassociated proteins.

Acknowledgment
This research was supported by grant-aid (no.
10640628 to T.M) from the Japan Society for the
Promotion of Science, and by grant aid for Rice
Genome Project PR-1102 (to T.M) form MAFF,
Japan.

6)

7)

8)

9)

10)

11)

12)

References
13)
1)

2)

3)

4)

5)

O'Farrell, P. H., High-resolution two-dimensional
electrophoresis of proteins. J. Biol. Chem., 250,
4007–4021 (1975).
Hirano, H., Varietal diŠerences of leaf protein proˆles in mulberry. Phytochemistry, 21, 1513–1518
(1982).
Bjellqvist, B., Ek, K., Righetti, P. G., Gianazza, E.,
Gorg, A., Westermeier, R., and Postel, W., Isoelectric focusing in immobilized pH gradients: principle,
methodology and some applications. J. Biochem.
Biophys. Methods, 6, 317–339 (1982).
Dunbar, B. S., Kimura, H., and Timmons, T. M.,
Protein analysis using high-resolution two-dimensional polyacrylamide gel electrophoresis. Methods
Enzymol., 182, 441–459 (1990).
Patton, W. F., Pluskal, M. G., Skea, W. M.,
Buecker, J. L., Lopez, M. F., Zimmermann, R.,
Belanger, L. M., and Hatch, P. D., Development of a
dedicated two-dimensional gel electrophoresis system

14)

15)

16)

1173

that provides optimal pattern reproducibility and
polypeptide resolution. BioTechniques, 8, 518–527
(1990).
Herbert, B. R., Mollyo, M. P., Gooley, A. A.,
Walsh, B. J., Bryson, W. G., and Williams, K. L.,
Improved protein solubility in two-dimensional
electrophoresis using tributyl phosphine as reducing
agent. Electrophoresis, 19, 845–851 (1998).
Komatsu, S., Kajiwara, H., and Hirano, H., A rice
protein library: a data-ˆle of rice proteins separated
by two-dimensional electrophoresis. Theor. Appl.
Genet., 86, 935–942 (1993).
Kamo, M., Kawakami, T., Miyatake, N., and
Tsugita, A., Separation and characterization of
Arabidopsis thaliana proteins by two-dimensional gel
electrophoresis. Electrophoresis, 16, 423–430 (1995).
Santoni, V., Rouquie, D., Doumas, P., Mansion,
M., Boutry, M., Degand, H., Dupree, P., Packman,
L., Sherrier, J., Prime, T., Bauw, G., Posada, P.,
Rouze, P., Dehais, P., Sahnoun, I., Barlier, I., and
Rossingol, M., Use of a proteome strategy for tagging
proteins present at the plasma membrane. Plant J.,
16, 633–641 (1998).
Thiellement, H., Bahrman, N., Damerval, C.,
Plomion, C., Rossignol, M., Santoni, V., de Vienne,
D., and Zivy, M., Proteomics for genetic and
physiological studies in plants. Electrophoresis, 20,
2013–2026 (1999).
Komatsu, S., Rakwal, R., and Li Z., Separation and
characterization of proteins in rice (Oryza sativa)
suspension cultured cells. Plant Cell Tissue Org. Cul.,
55, 183–192 (1999).
Peltier, J. B., Firso, G., Kalume, D. E., RoepstoŠ,
P., Nilson, F., Adamska, I., and van Wijl, K. J.,
Proteomics of the chroloplast: Systematic identiˆcation and targeting analysis of lumenal and peripheral
thylakoid proteins. Plant Cell, 12, 319–342 (2000).
Mikami, S., Hori, H., and Mitsui, T., Separation of
distinct compartments of rice Golgi complex by sucrose density gradient centrifugation. Plant Sci., 161,
665–675 (2001).
Hurkman, W. J. and Tanaka, C. K., Solubilization
of plant membrane proteins for analysis by twodimensional gel electrophoresis. Plant Physiol., 81,
802–806 (1986).
Laemmli, U. K., Cleavage of structural proteins
during the assembly of the head of bacteriophage T4.
Nature, 227, 680–685 (1970).
Celis, J. E., Rasmussen, H. H., Olsen, E., Madsen,
P., LeŠers, H., Honnore, B., Dejgaard, K., Gromov,
P., HoŠmann, H. J., Nielsen, M., Vassilev, A.,
Vintermyr, O., Hao, J., Celis, A., Basse, B.,
Lauridsen, J. B., Ratz, G. P., Andersen, A. H.,
Kjaergaard, E., Puype, M., Damme, J. V., and
Vandekerckhove, J., The human keratinocyte twodimensional gel protein database: Update 1993. Electrophoresis, 14, 1091–1198 (1993).

