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The Small GTPase Rab5a Is Essential for Intracellular
Transport of Proglutelin from the Golgi Apparatus to the
Protein Storage Vacuole and Endosomal Membrane
Organization in Developing Rice Endosperm1[C][W][OA]

Masako Fukuda2, Mio Satoh-Cruz2, Liuying Wen, Andrew J. Crofts3, Aya Sugino, Haruhiko Washida4,
Thomas W. Okita, Masahiro Ogawa, Yasushi Kawagoe, Masayoshi Maeshima, and Toshihiro Kumamaru*

Faculty of Agriculture, Kyushu University, Fukuoka 812–8581, Japan (M.F., M.S.-C., L.W., A.S., T.K.); Institute
of Biological Chemistry, Washington State University, Pullman, Washington 99164–6340 (M.S.-C., A.J.C., A.S.,
H.W., T.W.O.); Department of General Education, Yamaguchi Prefectural University, Yamaguchi 753–8502,
Japan (M.O.); Division of Plant Sciences, National Institute of Agrobiological Sciences, Tsukuba, Ibaraki
305–8602, Japan (Y.K.); and Graduate School of Bioagricultural Sciences, Nagoya University, Chikusa, Nagoya
464–8601, Japan (M.M.)

Rice (Oryza sativa) glutelins are synthesized on the endoplasmic reticulum as larger precursors, which are then transported via
the Golgi to the protein storage vacuole (PSV), where they are processed into acidic and basic subunits. Three independent
glutelin precursor mutant4 (glup4) rice lines, which accumulated elevated levels of proglutelin over the wild type, were identified
as loss-of-function mutants of Rab5a, the small GTPase involved in vesicular membrane transport. In addition to the plasma
membrane, Rab5a colocalizes with glutelins on the Golgi apparatus, Golgi-derived dense vesicles, and the PSV, suggesting
that Rab5a participates in the transport of the proglutelin from the Golgi to the PSV. This spatial distribution pattern
was dramatically altered in the glup4 mutants. Numerous smaller protein bodies containing glutelin and a-globulin were
evident, and the proteins were secreted extracellularly. Moreover, all three independent glup4 allelic lines displayed the novel
appearance of a large dilated, structurally complex paramural body containing proglutelins, a-globulins, membrane
biomarkers for the Golgi apparatus, prevacuolar compartment, PSV, and the endoplasmic reticulum luminal chaperones
BiP and protein disulfide isomerase as well as b-glucan. These results indicate that the formation of the paramural bodies in
glup4 endosperm was due to a significant disruption of endocytosis and membrane vesicular transport by Rab5a loss of
function. Overall, Rab5a is required not only for the intracellular transport of proglutelins from the Golgi to the PSV in rice
endosperm but also in the maintenance of the general structural organization of the endomembrane system in developing rice
seeds.

Developing plant seeds accumulate large quantities
of storage proteins that are coded by two superfamilies
of genes, globulins and prolamins (Shewry et al.,
1995). Rice (Oryza sativa) is unique in that it accumu-
lates major quantities of both storage protein types in
the form of glutelins and prolamins as well as a third
minor species, a-globulins (Tanaka et al., 1980; Krishnan
and White, 1995). Glutelin, the dominant storage pro-
tein in rice, is homologous to leguminous 11S glob-
ulins and is packaged in a protein storage vacuole
(PSV; Zhao et al., 1983). Unlike the saline-soluble 11S
globulins, however, rice glutelins are only soluble in
dilute acid and alkali solutions. During seed develop-
ment, rice glutelin polypeptides are initially synthe-
sized on the endoplasmic reticulum (ER) membrane as
57-kD proglutelin (Yamagata et al., 1982), which is
then transported to the PSVs (Krishnan et al., 1986;
Yamagata and Tanaka, 1986), where the precursors are
cleaved to acidic and basic subunits (Yamagata et al.,
1982). The rice a-globulin, a member of the prolamin
superfamily, is also packaged in the PSV, where to-
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gether with glutelins it forms PB-II (Yamagata et al.,
1982).
Many storage proteins have been shown to be

transported from the ER to PSVs via the Golgi appa-
ratus (Chrispeels, 1983). In maturing bean (Phaseolus
vulgaris) and pea (Pisum sativum) cotyledons, the stor-
age proteins are concentrated early at the ends of the
cis-Golgi cisternae and released as dense vesicles
(Chrispeels, 1983; Hohl et al., 1996; Okita and Rogers,
1996). These dense vesicles are then transported to the
PSV via an intermediate prevacuolar compartment
(PVC). Golgi-associated dense vesicles containing glu-
telin and globulin are readily evident in developing
rice endosperm cells, supporting a role for the Golgi
apparatus in routing these storage proteins to the PSV
(Krishnan et al., 1990, 1992). An alternative direct
ER-to-PSV pathway bypassing the Golgi has also been
proposed (Takahashi et al., 2005), although such PAC-
like vesicles (Hara-Nishimura et al., 1998) have not
been seen in other ultrastructural studies of rice pro-
tein body biogenesis (Ogawa et al., 1989; Krishnan
et al., 1990, 1992; Takemoto et al., 2002). Hence, depend-
ing on the plant species, transport of storage proteins
from the ER to PSVs occurs by vesicular transport by a
Golgi-dependent and/or Golgi-independent pathway
(Li et al., 2006).
Irrespective of the role of the Golgi, transport of

storage proteins to the PSV requires a vacuolar sorting
receptor (VSR) that targets the cargo to the PVC. BP-80
was identified based on its specific binding to the
vacuolar peptide determinant NPIR motif. BP-80 is
enriched in clathrin-coated vesicles, where it targets
the thiol protease aleurain to the lytic vacuole, and is
predominantly concentrated on the lytic PVCs in
Arabidopsis (Arabidopsis thaliana) and tobacco (Nicoti-
ana tabacum) BY-2 cells (Kirsch et al., 1994; Miao et al.,
2006). Orthologous VSRs from Arabidopsis (AtVSR1)
and pumpkin (Cucurbita sp.; PV72) have been sug-
gested to play a role in storage protein transport to the
PSV based on their secretion of storage proteins in
knockout mutants and their presence on the PVC
(Shimada et al., 1997, 2003; Otegui et al., 2006), al-
though this relationship between VSR and storage
protein targeting may be indirect (Zouhar et al., 2009)
A second receptor type, RMR, interacts with the vac-
uolar signal determinants of the barley (Hordeum
vulgare) lectin, bean phaseolin, and tobacco chitinase
(Park et al., 2007) and is responsible for the formation
of dense vesicles formed at the Golgi (Hinz et al.,
2007). Interestingly, whereas AtVSR1 has been sug-
gested to be recycled by a retromer complex from the
PVC to the Golgi (Shimada et al., 2006), RMR is co-
transported with the storage protein cargo to the PSV
(Hinz et al., 2007).
In addition to VSRs or RMR, targeting of the storage

protein-containing vesicles to the PVC and PSV re-
quires the Rab family of small GTPases, which regu-
late and specify vesicular trafficking (Woollard and
Moore, 2008). The best-studied small GTPase and the
most relevant to storage protein transport to the PSV is

Rab5. The small GTP-binding protein Rab5 was pre-
viously localized on early endosomes and on the cy-
toplasmic face of the plasma membrane (Gorvel
et al., 1991). Arabidopsis has three Rab5 orthologs,
RAB5F2a/RHA1, RAB5F2b/ARA7, and RAB5F1/
ARA6, which are located on punctate structures la-
beled with FM4-64, a tracer of endocytosis (Nielsen
et al., 2008). The RAB5F proteins have been implicated
in the trafficking of soluble proteins to the vacuole
based on the disruption of trafficking induced by the
expression of dominant negative forms of this protein.
Consistent with this role is that RAB5F2a/RHA1 is
found on the PVC of Arabidopsis protoplasts (Sohn
et al., 2003) while RAB5F2b/ARA7 is localized to the
PVC and Golgi apparatus in tobacco leaf epidermal
cells (Kotzer et al., 2004).

We have characterized eight independent rice
mutants that accumulate large quantities of the 57-
kD proglutelin polypeptide. The mutants were named
endosperm storage protein mutant2 (esp2; Kumamaru
et al., 1987, 1988) and glutelin precursor mutant1 (glup1)
to glup7 (Kumamaru et al., 2007; Satoh-Cruz et al.,
2010a; Ueda et al., 2010). Gene-gene interaction anal-
yses of the eight mutant lines indicate that esp2 is the
most epistatic while glup3 is the most hypostatic
among the eight mutant genes (Ueda et al., 2010).
This relationship suggests that the factors encoded by
ESP2 and GLUP3 function upstream and downstream,
respectively, of the other GLUP genes in the pathway
of the synthesis, trafficking, and accumulation of
proglutelin. This hypothesis is supported by studies
that centered on the identification of the ESP2 and
GLUP3 genes. ESP2 encodes PDIL1-1 (for protein
disulfide isomerase-like 1-1), which catalyzes the
formation of intramolecular disulfide bonds in the
ER and serves as a chaperone (Takemoto et al., 2002;
Satoh-Cruz et al., 2010a), while GLUP3 codes for a
vacuolar processing enzyme, which proteolytically
processes proglutelin into acidic and basic subunits
within the PSV (Kumamaru et al., 2010). Based on
these results, we hypothesized that the responsible
factors of GLUP1-glup2-glup7 mutants and glup4-
glup6-GLUP5 mutants participate in the intracellular
trafficking of proglutelin from the ER to the Golgi
apparatus and from the Golgi apparatus to the PSV,
respectively (Ueda et al., 2010). The high-resolution
mapping analysis of the glup4 gene suggested that
GLUP4 encoded the small GTPase Rab5a, and it was
hypothesized that Rab5a participated in the intracel-
lular transport of proglutelin (Kumamaru et al., 2007;
Satoh-Cruz et al., 2010b). The colocalization of Rab5a
from rice with Golgi and PVC markers derived from
other plants in Arabidopsis protoplasts (Wang et al.,
2010) also supports this hypothesis. However, evi-
dence for a direct role of Rab5a in proglutelin transport
to the PSV has yet to be obtained.

In order to identify the role of Rab5a in the intracel-
lular trafficking of the storage proteins in rice endo-
sperm, we studied several glup4 mutant alleles. DNA
sequence analysis showed that they all coded for
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Rab5a, the small GTPase involved in vesicular trans-
port of storage proteins to the PSV. Mutations in Rab5a
not only disrupt proglutelin trafficking but also medi-
ate the appearance of large paramural body (PMB)-
containing biomarkers for ER, Golgi, PVC, and PSV.
Our results show that Rab5a plays multiple roles in the
trafficking of proteins to the PSV and in the general
maintenance of the endomembrane system in plants.

RESULTS

The glup4 Mutant Accumulates Large Amounts
of Proglutelin

Figure 1A shows the profile of total seed protein
from three independent glup4 mutant lines, EM425,
EM956, and EM960, as well as the wild type. All three
glup4 lines contained elevated amounts of the 57-kD
proglutelin polypeptide and correspondingly reduced
levels of the proteolytically processed acidic and basic
glutelin subunits in comparison with the wild type.
These corresponding changes in the levels of proglu-
telin and processed acidic and basic subunits between
the wild type and glup4 mutants are readily discern-
ible by immunoblot analysis of these proteins (Fig. 1B).

Sequence Analysis of Genomic DNA Encoding Rab5a in

glup4 Lines

To determine whether GLUP4 was the Rab5a struc-
tural gene, genomic DNAs from the wild type and
three glup4 alleles, EM425, EM956, and EM960, were
sequenced (Fig. 2). Comparison with the wild-type
gene sequences revealed that each of the three glup4
lines contained single nucleotide substitutions. Two of

these point mutations mediated codon changes where
Gly-45 and Gln-176 were replaced by Asp and a pre-
mature termination stop codon in EM960 and EM425,
respectively. Gly-45 resides in a conserved peptide
domain that binds specific effectors of Rab5a activity
(Zhu et al., 2004), while the premature termination
removes the prenylation residues required for mem-
brane attachment of Rab5a. In EM956, a guanine base
was replaced by an adenine at nucleotide positions
43, which was located at the splicing donor site of the
first intron. This mutation was expected to disrupt
intron splicing and lead to frame shifts or deletions in
the mRNA (Brown, 1996). The presence of significant
structural mutations in two out of the three glup4 al-
lelic genes (EM425 and EM956) and the apparent loss
of function in the third glup4 allele (EM960) indicates
that the GLUP4 gene encodes the structural gene for
the small GTPase Rab5a.

Immunoblot Analysis of Rab5a in Developing Seeds of

the glup4 Mutant

Immunoblot analysis of small samples (10–20 mL) of
total protein extracts from developing or mature
seeds failed to detect Rab5a, indicating that this small
GTPase was present at very low levels. Therefore, im-
munoprecipitation (IP) experiments were carried out
where Rab5a antibodies were incubated with 1 mL of
seed extracts followed by immunoblot analysis of the
proteins captured by the initial IP (Fig. 3). In EM960,
which contains an amino acid substitution, the mutant
Rab5a had the same molecular size as the wild type.
In EM425, the size of the mutant Rab5a was much
smaller than the wild type, a result consistent with the
premature termination of translation mediated by the
introduction of the nonsense mutation. The products

Figure 1. Storage protein composition from seeds of wild-type and
glup4 mutant lines. Seed protein extracts were separated on SDS-
polyacrylamide gels (A) and then subjected to immunoblot analysis
using anti-glutelin acidic subunit antibodies (B). Lane 1, The wild type;
lane 2, EM425; lane 3, EM956; lane 4, EM960. EM425, EM956, and
EM960 are glup4 allelic mutant lines. The arrows denote the 57-kD
proglutelin polypeptide.

Figure 2. Mutation sites of the Rab5a gene in three glup4mutant lines.
A, Structure of the GTPase Rab5a gene on chromosome 12 (Satoh-Cruz
et al., 2010b). ATG and TAA indicate the initiation and termination
codons, respectively. Black boxes indicate the positions of the seven
exons. The Rab5a reading frame spans 612 bp and codes for 203 amino
acids. B, Mutation sites in glup4 allelic lines. In EM956, a G/A
mutation is situated at the splicing donor site of the first intron. EM960
contains a missense mutation resulting in an amino acid change
located in the effector-binding site, while EM425 contains a nonsense
mutation resulting in the premature termination of protein synthesis.
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from the Rab5a gene in EM425 and the wild type are
calculated to be 19,309.94 and 22,146.12 D, respec-
tively. The results of IP analysis coincided with the
theoretical molecular size of Rab5a protein in EM425.
In addition, its levels were considerably reduced com-
pared with those of the wild type. This observation
suggests that the truncated Rab5a, which lacked the
C-terminal Cys residues needed for prenylation, was
more susceptible to protein turnover than the wild
type. Rab5a was not detected in EM956, indicating that
the mutated splicing donor site of the first intron
resulted in a nontranslatable RNA transcript produced
by aberrant RNA splicing. The absence of Rab5a
activity in EM956 and the loss of function in EM960
and EM425 (see “Discussion”) indicate that this small
GTPase is responsible for the abnormal accumulation
of proglutelin. Hereafter, we name the GLUP4 gene
product as GLUP4-Rab5a.

Expression Analysis of Other Rab5a Homologs

A database search (KOME: Knowledge-Based Oryza
Molecular Biological Encyclopedia; http://cdna01.
dna.affrc.go.jp/cDNA/) revealed the presence of three
additional Rab5a homologs in rice (Supplemental Fig.
S1). The expression profiles in seeds taken from the
rice expression profile database (RiceXPro; http://
ricexpro.dna.affrc.go.jp) for the homologs indicated
that GLUP4-Rab5a (AK061116) has the highest expres-
sion level among the Rab5a homolog genes. The
expression of the Rab5a homolog genes in developing
seeds was confirmed by reverse transcription-PCR
(Supplemental Fig. S2). GLUP4-Rab5a (AK061116)
showed the highest expression level in seeds and
was 5- to 10-fold higher than the other Rab5a genes.
Hence, GLUP4-Rab5a is the major form expressed
during seed development. Supplemental Figure S3
shows a phylogenetic tree indicating the relationship
between GLUP4-Rab5a and the homologs in rice (Sup-
plemental Fig. S1) and Arabidopsis (Nielsen et al.,
2008).

Protein Body Formation in glup4

To determine the basis of the elevated levels of
proglutelin in the various glup4 lines, immunofluores-
cence microscopy studies were carried out. Develop-
ing rice endosperm exhibits two types of protein
bodies, PB-I and PB-II. PB-I contains prolamins,
whereas PB-II contains glutelins and a-globulins. In
the wild type and the glup4 mutant, PB-I and PB-II
labeled by prolamin and glutelin antibodies (Fig. 4, A
and B) or PB-II labeled by a-globulin and glutelin
antibodies (Fig. 4, C–E) were observed. In addition, the
glup4 mutant contained one or more large distended
structures containing granules labeled with glutelin
antibodies located adjacent to the cell wall (Fig. 4B;
Supplemental Fig. S4). As all three glup4 lines con-
tained this dilated structure, its formation (Supple-
mental Fig. S4) is due to the loss of function of Rab5a.

In wild-type cells, glutelins and a-globulins are
packaged together in PSVs, although their distribution
is stratified in this organelle, with glutelins located in
the bulky crystalloid and a-globulins located at the
peripheral, amorphous matrix regions (Fig. 4C). The
novel distended structures in glup4 endosperm were
labeled not only by glutelin antibodies but also by
a-globulin antibodies (Fig. 4D). In glup4, the distribu-
tion of glutelin and a-globulin within PSVs appears
normal, although the PSVs are much smaller than that
seen in the wild type (Fig. 4E). While the size of PB-II
in the wild type increased gradually during endo-
sperm development, the size of PB-II in all glup4 lines
changed very little between 1 and 3 weeks of devel-
opment (Supplemental Fig. S4). These observations
indicate that the normal transport of proglutelin as
well as a-globulin to PB-II (PSV) is disrupted by the
loss of function of Rab5a in glup4 mutants and that
proglutelin accumulates in large distended structures
adjoining the cell surface. The presence of small PB-IIs
under the absence of GLUP4-Rab5a in glup4 seeds
suggest that the other Rab5a species would partially
participate in the intracellular transport of storage
proteins to the PSV.

Transmission Electron Microscopy of glup4 Mutant

Endosperm Indicates That the Large Distended
Structures Are PMBs

To obtain additional insights on this novel large
distended structure in glup4 endosperm, the ultra-
structure of developing glup4 and wild-type seeds was
observed by transmission electron microscopy (Fig. 5).
In young glup4 endosperm at 1 week after flowering
(WAF), electron-dense materials (indicated by stars)
and granules (indicated by arrowheads) were rou-
tinely detected in the extracellular space (Fig. 5D) and
the paramural space between the plasma membrane
and the cell wall (Fig. 5, E and F), respectively. Such
materials and granules were not observed in wild-type
endosperm (Fig. 5A). The electron-dense granules in
glup4 were labeled by glutelin antibodies (Fig. 6A),

Figure 3. Immunoblot analysis of Rab5a in the various glup4 mutant
lines. IP control, Without anti-Rab5a antibody; WT, wild type. Seed
extracts (1 mL) were subjected to IP using anti-Rab5a antibody. The
immunoprecipitates were then subjected to immunoblot analysis using
anti-Rab5a antibody. Note that EM425 contains a truncated Rab5a
(19.3 kD) consistent with the premature termination of synthesis of this
protein by the introduction of a nonsense codon, while EM956 lacks
the Rab5a polypeptide due to aberrant RNA splicing.
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indicating that significant amounts of proglutelin were
not transported to its normal deposition site, PB-II, but
instead were secreted extracellularly.

The large distended structures containing numerous
small granules were readily observed in 2-WAF endo-
sperm. As the large distended structures exist between
the plasma membrane and cell wall, we will refer to
these structures as PMBs. PMBs were first recognized
as invaginations of the plasma membrane containing
membranous or vesicular structures (Marchant and
Robards, 1968). Interestingly, PMBs were observed
in Arabidopsis embryos of the vps9 mutation, which

codes for a defective GTP/GDP exchange factor of
Rab5 GTPase (Goh et al., 2007).

Ultrastructural analysis showed that the PMBs were
nonuniform in appearance. In Figure 5G, the PMBwas
composed of three separate inclusions: a larger inclu-
sion (indicated by the white diamond) surrounded by
a thick cell wall-like material continuous with the cell
wall and two smaller adjoining inclusions (indicated
by diamonds) enclosed by the plasma membrane
and cell wall-like material. The upper inclusion body
(diamond 1) appears to contain lamellar membrane
structures with electron-dense granules on its surface,
while the lower inclusion (diamond 2) was more
uniform in appearance but also contained peripherally
localized electron-dense granules. Cell wall-like mate-
rial was also observed associated with other PMBs.
The PMB in Figure 5I appears to contain four separate
overlapping inclusions, with the inner three covered
with cell wall-like layers (indicated by stars). The
innermost and smallest layer (1) is surrounded by
thick cell wall and contains very little granular mate-
rial. The next two layers (2 and 3) are surrounded
by thinner layers of cell wall-like material and con-
tain numerous granules. The outermost layer (4) is
surrounded by the plasma membrane and contains
granules of varying electron density (indicated by
arrowheads). By contrast to the structures depicted
in Figure 5, G and I, the PMB in Figure 5H appears to
be devoid of cell wall-like material and contains nu-
merous granules with electron-dense types located on
the periphery. Cytoplasm-localized electron-dense
granules were also clustered near the PMB (Fig. 5H,
arrow). The granules associated with the PMB were
labeled with glutelin antibodies (Fig. 6, B and C).

In 3-WAF glup4 endosperm, the PMBs were much
larger than those observed in younger endosperm,
indicating that they continued to grow during devel-
opment (Fig. 5, J and K). In Figure 5K, PMBs contained
an outer layer of numerous small electron-dense ves-
icles (arrowheads) that surrounded a central core
containing amorphous granules of lighter electron
density. Interestingly, the secreted, cell wall-associated
electron-dense granules observed in 1- or 2-WAF en-
dosperm were absent in 3-WAF glup4 mutant seeds
(Fig. 5E), suggesting that the PMBs were formed by the
accumulation of secreted granules. Overall, these re-
sults indicate that a significant amount of proglutelin
is not transported to its normal deposition site, PB-II,
but is secreted extracellularly to form the PMBs and
that GLUP4-Rab5a is required for the intracellular
trafficking of proglutelins and a-globulin to PSVs.

Colocalization of Proglutelin and Rab5a

To obtain further insight on the function of GLUP4-
Rab5a in the intracellular transportation of proglutelin,
immunofluorescence and immunoelectron microscopy
studies were performed using glutelin and Rab5a
antibodies. When viewed by immunofluorescence,
Rab5a is distributed to the plasma membrane and as

Figure 4. Immunofluorescence microscopy of protein bodies in the wild
type and the glup4mutant, EM956. A and C, The wild type. B, D, and E,
glup4 (EM956). Secondary antibodies labeled with rhodamine (magenta)
and fluorescein isothiocyanate (FITC; green) were used to visualize the
reaction of prolamin and glutelin antibodies, respectively, in A and B.
Secondary antibodies labeled with rhodamine and FITC were used to
detect antigen recognized by anti-a-globulin and anti-glutelin, respec-
tively, in C, D, and E. Arrowheads indicate the presence of the novel large
distended structures containing proglutelin and a-globulin. In many
instances, the large distended structures are clustered in neighboring cells
(B). Glutelins are present in overlapping layers (B and D). Also note that
the distribution of proglutelins and globulin within the large distended
structures is spatially distinct (D). Bars = 10 mm.
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cytoplasmic granules within wild-type endosperm
cells (Fig. 7A). Glutelin is observed as cytoplasmic
granules (Fig. 7B), with a significant number colocal-
izing with Rab5a (Fig. 7C). Immunofluorescence mi-
croscopy of glup4 (EM956) seed shows no detectable
Rab5a at the plasmamembrane or cytoplasm (Fig. 7D),
which confirms the absence of Rab5a by immunoblot
analysis (Fig. 3). These results demonstrate the spec-
ificity of the antibody for GLUP4-Rab5a.
The localization of Rab5a in wild-type endosperm

was observed also by immunoelectron microscopy
(Fig. 8). Consistent with immunofluorescence analysis,
Rab5a is distributed to the cell surface (Fig. 8A). The
Golgi apparatus (Fig. 8B), dense vesicles derived from
the Golgi apparatus (Fig. 8, B–D), and PSV (Fig. 8E)
contained Rab5a as well as glutelin. The colocalization
of Rab5a and glutelin in the Golgi apparatus, the dense
vesicles, and the PSVs supports a role for GLUP4-
Rab5a in the transport of proglutelin from the Golgi
apparatus to PSVs.

Characterization of PMBs in glup4 Endosperm

Distribution of Golgi, PVC, and PSV Markers

Available evidence indicates that Rab5a functions in
vesicular transport between the Golgi and the lytic

vacuole via the PVC (Sohn et al., 2003; Kotzer et al.,
2004). In an effort to identify the cellular basis for the
origin of the PMB in the glup4mutant, we analyzed the
microscopic distribution of biomarkers for various
components of the endomembrane system using ei-
ther fluorescently tagged proteins or by immunofluo-
rescence. A glup4 mutant was transformed with gene
constructs coding for Golgi-DsRed (contains b-1,4-
galactosyltransferase; Clontech) or spGFP-VSR3 (VSR1
homolog; Shimada et al., 2003), biomarker membrane
proteins of the Golgi apparatus and the PVC (Tse et al.,
2004), respectively. Confocal laser microscopic analy-
sis of developing endosperm sections from transgenic
plants showed that Golgi-DsRed and spGFP-VSR3
were observed as small fluorescent foci distributed
throughout the developing endosperm cell in the wild
type (Fig. 9, A and C). In glup4 mutants, these proteins
were present not only as small foci but were also
associated with the PMB (Fig. 9, B and D). The distri-
bution of PVC markers to the PMB is also supported
by immunoelectron microscopy studies using anti-
bodies to PV72, which has been shown to be located in
the PVC in transgenic BY-2 cells (Miao et al., 2006).
Similar to wild-type cells, PV72 is distributed to the
PSV PB-II in glup4. In addition, it is also distributed to
the PMB in glup4 endosperm (Supplemental Fig. S5).

Figure 5. Electron micrographs depicting secretory granules and the ultrastructure of PMBs in developing endosperms of glup4.
A to C depict sections of developing wild-type endosperm at 1 WAF, 2 WAF, and 3 WAF, respectively. Corresponding sections
from glup4 (EM956) are shown in D to F, G to I, and J and K. White stars in D denote the electron-dense materials in the
extracellular space, while the arrowheads in E indicate electron-dense granules in the space between the plasma membrane and
the cell wall. F shows the presence of a newly formed PMB located between the plasma membrane (arrow) and the cell wall
containing electron-dense granules (diamond). White and black diamonds show the distinct inclusions within PMBs in G. In
several instances, internal inclusions of the PMBs are surrounded by cell wall or cell wall-like structures (stars in G, I, and J).
Arrows in H shows the dense vesicle close to the PMB in cytoplasm. Arrowheads in E, F, I, and K indicate the granules within
PMBs. CW, Cell wall; PM, plasma membrane. Bars = 500 nm in A, D, E, and F; 1 mm in B, C, G to I, and K; and 2 mm in J.
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These observations indicate that the normal distribu-
tion of Golgi and the PVC markers was disrupted and
mislocalized by Rab5a loss of function.

As mentioned above, the PMBs in the glup4 mutant
contain glutelin and a-globulin, which is normally
deposited in PSV. Therefore, we analyzed the distribu-
tion of a-TiP, the PSV-specific, membrane-associated
water intrinsic protein by immunofluorescence micros-
copy. Supplemental Figure S6, A to C, shows the normal
distribution pattern of a-TiP and glutelin within the
PSV in the wild type. In glup4, a-TiP is also distributed
throughout the PMBs (Supplemental Fig. S6, D–F).
Hence, the membrane vesicular trafficking pathway
from the Golgi to the PSV is significantly distorted in
glup4.

Distribution of ER Chaperones

As reported earlier, BiP and PDI are asymmetrically
distributed on the cortical ER, where BiP is enriched
on the ER around the protein bodies (PB-I) containing
the prolamin while PDIL1-1 is not readily detected
in PB-I and appears restricted to the cisternal ER
(Muench et al., 1997; Satoh-Cruz et al., 2010a; Onda
et al., 2011; Supplemental Fig. S7F). Hence, we ana-
lyzed the distribution patterns of BiP and PDIL1-1 in
glup4 endosperm. Both of these ER lumenal chape-
rones were readily observed on the surface of the PMB,
although with different spatial distribution patterns
(Supplemental Fig. S7, A–C). PDI is located on the

inner layer of the PMB surface boundary, while BiP is
distributed on an outer layer (Supplemental Fig. S7, D
and E). This asymmetric distribution of these chape-
rones within the PMB is more readily seen in sections
viewed near the top of this novel organelle (Supple-
mental Fig. S7E). This asymmetric distribution of BiP
and PDI is more obvious when using red-green colors,
as depicted in Supplemental Movie S1, indicating that
both luminal chaperons were also secreted. The corti-
cal ER network appears disrupted, as the normal
reticulate network seen in the wild type (Supplemental
Fig. S7F) is never observed.

When malfolded proteins accumulate in the ER
lumen, the unfolded protein response is generated
where molecular chaperones such as BiP are induced
(Okushima et al., 2002). In the esp2 mutant, which
accumulates the proglutelin within the ER, BiP levels
are significantly elevated (Takemoto et al., 2002). How-
ever, glup4 endosperm contains normal levels of BiP
(Ueda et al., 2010). These results suggest that glup4
mutations dramatically alter the ER architecture with-
out inducing an unfolded protein response.

Accumulation of b-Glucan within the PMBs in glup4

Cell wall-like materials were observed in PMBs in
glup4 endosperm (Fig. 5). In order to define the nature

Figure 6. Immunolocalization of glutelin to the electron-dense gran-
ules and the PMBs in glup4 (EM956). A, The secreted electron-dense
granules located between the cell wall (CW) and the plasmamembrane
are depicted with arrows. B, Image of PMBs close to the cell wall. C,
Enlarged image of the area enclosed by the box in B. D, Enlarged image
of PSV. Gold particles (15 nm) indicate the reaction of glutelin antibody.
Bars = 1 mm in B and 200 nm in A, C, and D.

Figure 7. Subcellular localization of Rab5a in 2-WAF developing wild-
type and glup4 (EM956) seeds by immunofluorescence microscopy. A
to C, The wild type (WT). D to F, glup4 (EM956). Secondary antibodies
labeled with FITC (green) and rhodamine (magenta) were used to
visualize the reaction of Rab5a in A and D and glutelin antibodies in B
and E, respectively. C and F are the merged images of A/B and D/E,
respectively. Arrows indicate the granules showing only Rab5a signal.
Bars = 10 mm.
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and distribution of this cell wall-like material associ-
ated with the PMBs in glup4 seeds, we performed
double-labeling experiments with antibodies against
glutelin and (1,3;1,4)-b-glucan or by staining of the
b-glucan by calcofluor white. In the wild type, cell
walls reacted with the b-glucan antibody (Fig. 10, A
and C) and were readily stained by calcofluor white
(Supplemental Fig. S8, A and C). In the glup4 line, the
b-glucan is readily evident associated with the PMBs
(Fig. 10, D and F; Supplemental Fig. S8, D and F).
b-Glucan is distributed on the periphery of the PMBs,
as suggested by its location relative to glutelin associ-
ated with these organelles. The presence of b-glucan
suggests that the PMBs in glup4 are modified cell wall
appositions, which are typically produced at the sites of
fungal penetration through the cell wall (An et al., 2006).

DISCUSSION

During seed development, rice glutelin polypep-
tides are initially synthesized on the ER membrane as

a 57-kD precursor (Yamagata et al., 1982), which is
then transported to the Golgi apparatus and finally to
the PSVs (Krishnan et al., 1986; Yamagata and Tanaka,
1986), where the proglutelin is cleaved to acidic and
basic subunits (Yamagata et al., 1982). The deposition
of glutelins together with a-globulins within the PSV
forms PB-II. We have identified various mutants that
accumulate high amounts of proglutelins. Two of these
mutants, esp2 and glup3, were previously character-
ized and contain genetic defects in PDIL1-1 and the
vacuolar processing enzyme, which function within
the ER and PSV, respectively (Takemoto et al., 2002;
Kumamaru et al., 2010; Satoh-Cruz et al., 2010a).
Genetic interactive analysis is consistent with the
view that the remaining glup mutants are likely defec-
tive in an intermediate process between one of the
initial steps catalyzed by PDIL1-1 in the ER and the
final proteolytic processing of proglutelin in the PSV. It
was hypothesized that the GLUP4 protein participated
in the intracellular trafficking of proglutelin from the
Golgi apparatus to the PSV (Ueda et al., 2010). In this
study, we show that glup4 expresses a defective Rab5a,
the small GTPase that controls a myriad of endocytosis-
related processes in animals and plants (Nielsen et al.,
2008).

Three glup4 alleles, two of which expressed protein
while the third is a null mutation, were identified in
this study (Fig. 2). EM960 contains a missense muta-
tion resulting in Gly-45 being replaced by Asp (Fig. 2).
This mutation lies in the switch 1 region of the con-
served effector-binding domain (Zhu et al., 2004). A
second allele, EM425, contains a nonsense mutation
resulting in a truncated Rab5a missing the C-terminal

Figure 8. Subcellular localization of Rab5a in 2-WAF developing wild-
type seeds by immunoelectron microscopy. The distribution of Rab5a
and glutelins is denoted by 5-nm (denoted by arrows) and 15-nm gold
particles, respectively, in A to D. The distribution of glutelin and Rab5a
in normal PSVs is denoted by 5-nm and 15-nm gold particles, respec-
tively, in E. Stars indicate the Golgi-derived dense vesicles. CW, Cell
wall; Go, Golgi apparatus. Bars = 100 nm.

Figure 9. The distribution of Golgi-DsRed (A and B) and spGFP-VSR3
(C and D) in the wild type and glup4 (EM425). A and C, The wild type
(WT). B and D, glup4 (EM425). Transgenic wild-type and glup4 lines
expressing Golgi-DsRed (b-galactosyltransferase) or spGFP-VSR3 were
generated, and the distribution of native fluorescence generated by the
reporters was noted by confocal microscopy. Note that the PMBs
(arrows) contain significant amounts of those membrane proteins that
are markers for the Golgi and PVC. Bars = 10 mm. [See online article for
color version of this figure.]
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28 residues and, hence, lacks the prenylated Cys resi-
dues that facilitate the membrane attachment of Rab5a
(van der Bliek, 2005). Hence, these loss-of-function
glup4 alleles show that Rab5a requires the modulation
of GTPase activity by one or more specific effectors in
association with membranes. Moreover, these studies
also indicate that the Rab5a antibodies are highly
specific, as only a single polypeptide band is evident in
the wild type and EM960 and a single truncated
polypeptide band in EM425. This antibody specificity
is also supported by the absence of Rab5a in immu-
noblots of EM956 andwhen EM956 endosperm sections
are examined by immunofluorescence using Rab5a
antibodies (Fig. 7, compare A and D).

Several studies in plant cells have demonstrated the
function of Rab proteins in intracellular trafficking.
Arabidopsis Rha1, a Rab5 homolog, and Rab1 play
critical roles in the trafficking of soluble cargo protein
such as sporamin from the PVC to the central vacuole
(Sohn et al., 2003) and transport between the ER and
the Golgi apparatus (Batoko et al., 2000), respectively.
In animals, Rab5 was first found to control early
endosome dynamics but later was found to be in-
volved in several endocytosis-associated processes,
including signal transduction. Unlike the case in an-

imal systems, the plant Rab5 orthologs are located on a
late endosome compartment, the PVC and Golgi (Sohn
et al., 2003; Bolte et al., 2004; Kotzer et al., 2004; Lee
et al., 2004; Haas et al., 2007). The Arabidopsis Rab5,
RHA1/AtRabF2a, colocalizes with VSR, a marker of
the PVC (Sohn et al., 2003; Lee et al., 2004), while a
second Arabidopsis Rab5, ARA7/AtRabF2b, localizes
to the PVC and Golgi apparatus in tobacco leaf epi-
dermal cells (Kotzer et al., 2004). Wang et al. (2010)
reported that the rice Rab5a colocalizes with the PVC
marker, VSR2, in Arabidopsis protoplasts. Here, we
present direct evidence on the location of GLUP4-
Rab5a in developing rice endosperm. In addition to
the plasma membrane, this small GTPase is observed
on the Golgi apparatus, the Golgi-derived dense ves-
icles, and the PSV (Fig. 8), the latter observation being,
to our knowledge, the first demonstration for the
localization of Rab5a protein to this organelle. The
loss of function of Rab5a results in the secretion of
glutelin and a-globulin to the extracellular space. These
observations support a role for GLUP4-Rab5a in the
transport of proglutelins from the Golgi apparatus to
the PSV. As large amounts of glutelin and a-globulin
storage proteins are rapidly transported and accumu-
lated into PSVs during the ripening stage of seed
development, Rab5a protein is indispensable for ef-
fective transport of these storage proteins. Therefore,
the loss of Rab5a function disrupts storage protein
transport to the PSV, resulting in secretion of these
proteins to the extracellular space, which ultimately
leads to the formation of PMBs.

The secretion of soluble cargo as a result of the ex-
pression of a variant Rab5 has been demonstrated in
other plant systems. These include the expression of
dominant negative Rab5 mutants in Arabidopsis (Sohn
et al., 2003) or tobacco cells (Kotzer et al., 2004). Like-
wise, secretion of soluble cargo can also occur if ret-
rograde trafficking between the Golgi and PSV is
disturbed. Mutations in VPS29 and VPS35, compo-
nents of a retromer complex that is responsible for
the recycling VSR1 from the PVC to the Golgi com-
plex, result in the secretion of soluble cargo (Shimada
et al., 2003, 2006; Yamazaki et al., 2008). Disruptions
in vesicular transport between the Golgi and PSV re-
sult in rerouting the cargo to an alternative secretion
pathway.

The Rab5a-mediated disruption in anterograde
transport to the PSV is also reflected in the mislocal-
ization of membrane proteins of the Golgi, PVC, and
PSV to the PMB. These biomarkers are b-galactosyl-
transferase (Golgi), VSR3 and PV72 (PVC), and a-TIP
(PSV). Hence, loss of function of Rab5a mediates a
dramatic alteration in membrane trafficking in the
endomembrane system of developing rice endosperm.
The lumenal chaperones, BiP and PDI, are secreted
and localized to the PMB (Supplemental Fig. S7). In
wild-type endosperm, small amounts of BiP manage
to escape the ER retrieval system at the Golgi and
are transported to the PSV (Takahashi et al., 2005).
Hence, the secretion of BiP in glup4-rab5amutant seeds

Figure 10. Immunofluorescense microscopy showing the localization
of b-glucan in developing seeds (3 WAF). A to C, The wild type. D to F,
glup4 (EM956). Secondary antibodies labeled with FITC (green) and
rhodamine (magenta) were used to visualize the reaction of b-glucan in
A and D and glutelin antibodies in B and E, respectively. C and F are
merged images of A/B and D/E, respectively. Bars = 10 mm.
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follows the same pathway as glutelin. The loss of
Rab5a significantly alters the ER. Under light micros-
copy, the tubular-cisternal network of ER membranes
with associated prolamin-containing PB-I was not
readily observed (Supplemental Fig. S7). It is not clear
whether the tubular network has been structurally
altered or whether it is more fragile in glup4 mutants
and is disrupted during preparation of the tissue
sections for microscopy.
The PMB is surrounded by the lumenal markers BiP

and PDI. Interestingly, as evident in the wild type,
these lumenal chaperones are asymmetrically distrib-
uted on these ER membranes. A confocal microscopic
image depicting the top section of the PMB suggests
that the spatial distributions of BiP and PDI are dis-
tinct, with PDI concentrated within a core region sur-
rounded by BiP (Supplemental Fig. S7). Although further
studies are clearly required to discern the spatial ar-
rangement of the ER markers on the PMB, it is appar-
ent that Rab5a is required for maintaining the normal
network of ER membranes.
In wild-type endosperm, glutelin RNAs are targeted

to the cisternal ER, whereas prolamin RNAs are local-
ized on the PB-ER that bind the prolamin protein
bodies (Choi et al., 2000). In addition to reorganizing
the endomembrane system, the loss of Rab5a function
results in the mislocalization of glutelin RNAs from
the cisternal ER to the PB-ER as well as to the PMBs
(Doroshenk et al., 2010). By contrast, prolamin RNAs
are correctly targeted to the PB-ER in glup4-rab5a.
Hence, in developing rice endosperm, GLUP4-Rab5a
is involved in multiple processes ranging from intra-
cellular transport between the Golgi and PSV to main-
tenance of the ER network and targeting of glutelin
RNAs. The role of Rab5a in this latter process indicates
the involvement of membrane vesicles in RNA trans-
port and localization.
A conspicuous phenotype of glup4-rab5a endosperm

is the presence of large dilated PMBs. Although Wang
et al. (2010) also reported similar structures, which
they referred to as “vesicle-filled structures,” the na-
ture of this novel organelle was not studied in the
single Rab5a knockout mutant they identified. Our
light and electron microscopy analyses showed that
the PMBs exhibit a very complex structure containing
multiple inclusions. Inclusions located next to the cell
wall were usually covered with b-glucan, while ad-
joining inclusions positioned within the cytoplasm
were bound by the plasma membrane and cell wall-
like material (Fig. 5G). The presence of b-glucan on
inclusions closest to the cell surface indicates that their
formation is initiated extracellularly.
Figure 11 depicts a model that accounts for the

cellular events that are likely responsible for PMB
formation. Mislocalized glutelin RNAs are translated
on the PB-ER, where the protein is exported to the
Golgi apparatus, where it is packaged into dense
vesicles (Doroshenk et al., 2010). Because of the loss
of Rab5a activity in the glup4 mutant, most dense
vesicles are not transported to the PSV but are secreted

as electron-dense granules to the extracellular space.
These granules are prominent in young endosperm
cells but are apparently displaced to the growing PMB
at later stages (Fig. 5). The PMBs not only contain
secreted proglutelins and a-globulins but also mem-
brane markers of the Golgi, PVC, and PSV, although
membranes or membrane remnants are not readily
detected. The distribution patterns of these storage
proteins are not uniform but are spatially partitioned
into separate areas of the PMB. This initial PMB is then
covered with b-glucan, a feature that distinguishes
this rice endosperm type from the ones observed in
Arabidopsis (Goh et al., 2007). PMBs are typically seen
as simple cytoplasmic invaginations bound by the
plasma membrane. The basis for the involvement of
b-glucan synthesis in rice endosperm PMBs is unclear,
but it is interesting that in many instances, two or more
of the PMBs are located on neighboring cells (Figs. 4B
and 5J), a spatial arrangement suggesting that they are
formed at or close to the plasmodesmata. The plas-
modesma contains callose in the cell wall adjacent to

Figure 11. Amodel for the formation of PMBs in the glup4mutation. In
the wild type, glutelin RNAs are translated in the cisternal ER, where the
protein is exported to the Golgi apparatus, where it is packaged into
dense vesicles. These dense vesicles are then transported to the PSV.
The loss of Rab5a activity disrupts several processes, beginning with the
mislocalization of glutelin RNAs to the ER that bound the prolamin
protein bodies. Glutelin-containing dense vesicles are unable to merge
with the PSV but secrete extracellularly. These granules accumulate
between the plasma membrane and the cell wall, where they are
partially endocytosed to form the PMBs. The layered appearance of the
PMBs may be due to the sequential accumulation of cell wall material
and the direct transport of electron-dense granules into the PMBs from
the cytoplasm. [See online article for color version of this figure.]
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the neck regions that participates in regulating the
aperture of this intercellular pore. The formation of
the PMBs at or near the plasmodesmata as well as the
general disruption in endomembrane organization
may induce callose synthesis as the PMB develops
(Supplemental Fig. S8).

In addition to the b-glucan-bound inclusions, the
PMBs also contain inclusions bound solely by the
plasma membrane. These inclusions are also filled
with granules that are more electron dense than those
seen in the b-glucan-associated inclusions (Fig. 5, G–I
and K). Similarly sized, electron-dense granules are
also evident in the cytoplasm located near or at the
surface of the PMB (Fig. 5, H and I, respectively). The
growth of the PMB during seed development and the
close spatial relationship between the electron-dense
granules on the PMB periphery and the cytoplasm
suggest that these electron-dense granules are secreted
directly into the PMB. Hence, PMBs are formed by a
combination of secreted granules that are partially
endocytosed, which may occur in early endosperm
development, and the direct secretion of electron-
dense granules at subsequent stages. It is speculated
that this dual pathway would account for the appear-
ance of multiple inclusions of the PMBs, some covered
with cell wall-like material while others are bound
only by the plasma membrane and contain electron-
dense granules.

Although this study is directed at the major changes
in trafficking and endomembrane organization in-
duced by a loss of function of GLUP4-Rab5a in devel-
oping rice endosperm cells, this small GTPase is also
essential for optimal plant growth. The glup4 mutant
lines grow much slower than the wild type and take
longer to flower (data not shown). Previous studies
have shown that the rice GLUP4-Rab5a (AK061116) is
required for normal nutrient-regulated root growth
(Wang et al., 2002). Consistent with this view, GLUP4-
Rab5a (AK061116) had the highest expression in root
with weaker expression in shoots, flowers, and imma-
ture grains (refer to RiceXPro).

MATERIALS AND METHODS

Materials

The rice (Oryza sativa) glup4 mutant lines EM425, EM956, and EM960,

induced by N-methyl-N-nitrosourea mutagenesis (Satoh et al., 2010) and

characterized by their accumulation of substantial amounts of the 57-kD

proglutelin (Satoh-Cruz et al., 2010b; Ueda et al., 2010), were used in these

experiments. The full-length cDNA clone for OsVSR3 (AK072667) was

obtained from the National Institute of Agrobiological Sciences in Tsukuba,

Japan. pAcGFP1-Golgi and pDsRed-Monomer-N1 were purchased from

Clontech. Rice plants were grown in the field or in a transgenic glasshouse

at the Faculty of Agriculture, Kyushu University, and developing seeds, 5 to

28 d after flowering, were isolated and used in biochemical and microscopic

analyses.

SDS-PAGE and Western-Blot Analysis

Proteins were extracted from seeds using 0.125 M Tris-HCl, 4% SDS, 4 M

urea, and 5% b-mercaptoethanol, pH 6.8 (Ushijima et al., 2011). The proteins

were resolved by SDS-PAGE, electrotransferred to nitrocellulose membranes,

and then incubated for 1 h with Tris-buffered saline (TBS), 10 mM Tris-HCl,

0.15 M NaCl, 5% skim milk, pH 7.5, and primary antibody (1:1,000 dilution).

After primary antibody binding, the blot was washed three times with TBS

containing 0.05% Tween 20 (TBST) and then incubated with TBS containing

5% skim milk and the secondary antibody (1:2,500 dilution). The blot was

washed three times with TBST and incubated with the enhanced chemilumi-

nescence detection kit (GE Healthcare). It was then placed against x-ray film

for detection of the bound primary antibody.

DNA Sequencing Analysis

DNA sequencing analysis was performed as described previously

(Kumamaru et al., 2010). Total genomic DNA from the leaves of glup4 lines

and the wild type was obtained using the cetyltrimethylammonium bromide

method (Murray and Thompson, 1980). DNA sequence was determined using

an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). DNA sequence

analysis was performed using EditView 1.0.1 and AutoAssembler 2.1. Com-

parisons between wild-type and mutant sequences were performed using

ClustalW of the DNA Data Bank of Japan (http://www.ddbj.nig.ac.jp/top-e.

html).

IP

Freshly harvested middevelopment rice seeds were dehulled, and then 1 g

was extracted in 1.5 mL of IP buffer (20 mM Tris-HCl, pH 7.5, 75 mM NaCl,

1 mM EDTA, and 0.1% Nonidet P-40). The extract was then centrifuged for 10

min at 20,000g, and the supernatant was removed to a new tube and subjected

to additional centrifugation using the same conditions. Protein A resin, which

had previously been incubated overnight with either 13 phosphate-buffered

saline alone (no antibody control) or anti-Rab5a antibody, was washed three

times with 1 mL of IP buffer prior to the addition of the clarified seed extract

prepared as described above. Extracts and protein A resins were incubated for

2 h prior to washing five times with 1 mL of IP buffer. The protein A resins

were then boiled in SDS-containing extraction buffer and subjected to western-

blot analysis using Rab5a antibody at a dilution of 1:1,000.

Plasmid Construction and Rice Transformation

AcGFP1-Golgi (Clontech) contains a segment of human b-1,4-galactosyl-

transferase and localizes at the trans-medial region of the Golgi apparatus

(Miao et al., 2006). The GFP of the fusion protein was replaced with DsRed-

Monomer (Clontech), generating Golgi-DsRed. The C-terminal region of

OsVSR3 containing the membrane-spanning domain was amplified by

PCR with primers 5#-ATAGGATCCAGCAAAGTTGCTTCTTCGTC-3# and

5#-TATCTCGAGCCCAGTTAAGCTTGCTGCAA-3# using a full-length cDNA

clone (AK072667) as a template. The PCR product was then inserted down-

stream of the spGFP gene (Kawagoe et al., 2005), generating spGFP-VSR3. The

two fusion genes were expressed under the control of the rice b-TIP promoter

(Onda et al., 2009). The binary vector containing Golgi-DsRed and spGFP-

VSR3 was constructed by the Gateway system (Invitrogen) as described

previously (Onda et al., 2009). Transformation of rice was performed as

described previously (Kawagoe et al., 2005).

Microscopic Analysis

Laser-scanning confocal microscopic analysis was performed as described

previously (Onda et al., 2009). Immunocytochemical and fluorescence micro-

scopic analyses were performed as described previously (Kumamaru et al.,

2010). Samples were treated with antibodies raised against glutelin basic

subunit (1:5,000), 14-kD prolamin (1:1,000), a-globulin (1:5,000), and a-TiP

(1:1,000). Red fluorescent images were converted to magenta with Adobe

Photoshop. Sections were examined with a transmission electron microscope

at 80 kV.

Antibodies

Seed storage proteins were separated by SDS-PAGE, and individual bands

were excised and solubilized by preparative electrophoresis. Antibodies to

b-glutelin were then raised in mice. Antibodies against a-globulin and a-TiP

were raised in rabbits. Antibody against 14-kD prolamin was generated as
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described previously (Nagamine et al., 2011). Antibodies against BiP and PDI

were generated as described previously (Satoh-Cruz et al., 2010a). Antibodies

against the recombinant expressed rice Rab5a were raised in rabbits. Antibody

against (1,3;1,4)-b-glucan was purchased from Biosupplies Australia.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession number AK061116.
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