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A versatile hypoallergenic allergen derivative against mul-
tiple allergens is an ideal tolerogen for allergen-specific im-
munotherapy. Such a tolerogen should exhibit high efficacy,
without side effects, when administered at high doses and
should be applicable to several allergens. Tree pollen chi-
mera 7 (TPC7), a hypoallergenic Bet v 1 tolerogen against
birch pollen allergy, was previously selected by DNA shuf-
fling of 14 types of Fagales tree pollen allergens. In this study,
transgenic rice seed accumulating TPC7 was generated as an
oral vaccine against birch pollen allergy by expressing this
protein as a secretory protein using the N-terminal signal
peptide and the C-terminal KDEL tag under the control of an
endosperm-specific glutelin promoter. The highest level of
TPC7 accumulation was approximately 207 uiggrain~ .
Recombinant TPC7 is a glycoprotein with high mannose-
type N-glycan, but without 31,2-xylose or o1,3-fucose, sug-
gesting that TPC7 is retained in the endoplasmic reticulum
(ER). TPC7 is deposited as a novel, giant spherical ER-derived
protein body, >20 um in diameter, which is referred to as
the TPC7 body. Removal of the KDEL retention signal or
mutation of a cysteine residue resulted in an alteration
of TPC7 body morphology, and deletion of the signal
peptide prevented the accumulation of TPC7 in rice seeds.
Therefore, the novel TPC7 bodies may have formed aggre-
gates within the ER lumen, primarily due to the intrinsic
physicochemical properties of the protein.

Keywords: Bet v 1 e Birch pollen allergy e Hypoallergen e
Protein body e Rice seed e Transgenic rice.

Abbreviations: allergen-SIT, allergen-specific immunother-
apy; BiP, binding protein; CBB, Coomassie Brilliant Blue;
DAF, days after flowering; ER, endoplasmic reticulum; GluB,
rice glutelin B; IL-10, interleukin-10; PA, 2-aminopyridine; PB,
protein body; PB-I/Il, protein body type-l/ll; PSV, protein
storage vacuole; RT-PCR, reverse transcription-PCR; SSP,

seed storage protein; TEM, transmission electron microscopy;
TPC, tree pollen chimera.

Introduction .

Type 1 allergy represents a significant health problem in indus-
trialized countries and affects approximately 15-22% of the
European population (Canonica et al. 2007). Allergic symptom:s,
such as rhino-conjunctivitis, asthma and atopic dermatitis, are
elicited by environmental aeroallergens such as pollen or house
dust mites. Pollinosis caused by seasonal tree or grass pollen
allergens is representative of IgE-mediated type 1 allergy disease.
Birch pollen is widely distributed in Europe, North America,
Russia and northern Japan. The major pollen allergens of
Fagales trees belonging to the same order as birch are known
as the Bet v 1 family because of the strong IgE cross-reactivity
between Bet v 1, a major birch pollen allergen, and homologous
allergens observed in alder (Aln g 1), hazelnut (Cor a 1), horn-
beam (Car b 1) and oak (Que a 1) pollen (Breiteneder et al.
1989, Gajhede et al. 1996, Niederberger et al. 1998, Weber 2003,
Radauer and Breiteneder 2006). Bet v 1 is a glycoprotein, with a
molecular weight of approximately 20 kDa, that belongs to the
PR10 protein group. More than 90% of birch pollen allergy
patients are sensitized to Bet v 1-specific IgE. Furthermore,
Bet v 1 allergy is also known to cause oral allergy syndrome,
as the following food allergens are cross-reactive to Bet v 1-
specific IgE: apple Mal d 1, soybean Gly m 4, carrot Dau ¢ 1 and
peanut Aha h 8, all of which belong to the same PR10 group in
fruits and vegetables (Vieths et al. 2002).
Allergen-specificimmunotherapy (SIT) is the only treatment
of type 1 allergy that leads to long-lasting relief of clinical
symptoms (Frew 2003, Larche et al. 2006). Allergen-SIT is
performed by repeated administration of allergens by subcuta-
neous injection, or via mucosal routes to desensitize allergens.
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T cells are key regulators of allergy disease. Therefore, the
induction of peripheral tolerance against T cells specific to
the responsible allergen is the main target in allergen-SIT
(Akids and Akids 2007). The main drawbacks of conventional
allergen-SIT include systemic allergic side effects such as ana-
phylactic shock, as well as the long duration of treatment.
To solve these problems, it would be highly desirable to develop
safer, more effective and more convenient allergen-SIT.
To achieve this goal, tolerogens used for desensitization to
allergens must be changed from crude allergen extracts to
recombinant hypoallergenic tolerogens with reduced IgE bind-
ing activity, without the loss of T-cell epitopes (Linhart and
Valenta 2005, Valenta et al. 2010, Cromwell et al. 2011).
To modify the three-dimensional structure required for recog-
nition by the allergen-specific Ig and to reduce IgE binding
capacity, fragmentation and oligomeric formation of Bet v 1
were achieved to generate hypoallergenic Bet v 1 derivatives,
and the clinical efficacy of this tolerogen was examined (Vrtala
et al. 2001, Niederberger et al. 2004).

The creation of versatile recombinant hypoallergenic aller-
gens retaining all T-cell epitopes and immunogenicity should
provide an ideal tolerogen for allergen-SIT. Hypoallergenic Bet v
1 derivatives against multiple Fagales pollen allergens were pre-
viously generated through in vitro random recombination by
means of DNA shuffling. Importantly, not only did tree pollen
chimera 7 (TPC7) and TPC9 exhibit lower allergenicity than
native Bet v 1, as determined by testing IgE reactivity and
using basophil activation assays, but this chimera also displayed
higher immunogenicity than native Bet v 1 (Wallner et al. 2007).
Therefore, this TPC7/TPC9 chimera should be a suitable tolero-
gen for specific immunotherapy not only against birch pollen
allergy, but also against allergies caused by other cross-reactive
tree pollen.

Transgenic plants are ideal platforms for the production of
high-value recombinant proteins, such as pharmaceuticals, vac-
cines and antibodies (Daniell et al. 2009, Sharma and Sharma
2009). Production in cereal crop seed has already been demon-
strated to give rise to a high yield of recombinant proteins based
on the established expression system using a strong seed-
specific promoter, codon optimization, and a specific host
reducing storage proteins and depositing into protein bodies
(PBs) (Stoger et al. 2005, Lau and Sun 2009, Kawakatsu and
Takaiwa 2010). Furthermore, protein production in rice seeds
has the additional benefit of high biomass yield with a minimal
risk of outcrossing. In particular, when codon-optimized foreign
recombinant protein genes designed for expression in rice seeds
are produced in rice endosperm tissue, the proteins are accu-
mulated safely and in large quantities without degradation,
even if the proteins are not produced in other vegetative tissues
such as leaves or roots, thus providing a superior production
platform for recombinant proteins (Takaiwa et al. 2007).
Furthermore, recombinant proteins produced in the seed are
stable for several years at ambient temperatures without the
loss of activity, thereby eliminating the need for cold-chain
transportation and storage (Nochi et al. 2007).

In this study, a codon-optimized TPC7 synthetic gene, in
which the rice glutelin B1 (GluB-1) signal peptide and the
KDEL endoplasmic reticulum (ER) retention signal were fused
to the N- and C- termini, respectively, was expressed in stable
transgenic rice seeds under control of the endosperm-specific,
2.3 kb glutelin GluB-1 promoter. TPC7 strongly accumulated in
the endosperm tissue, leading to suppression of cysteine-poor
13 kDa prolamin and 26 kDa globulin production. Remarkably,
when the intracellular location of TPC7 was examined, it was
found to be deposited in an extraordinarily large organelle
called the TPC7 body, which was distinct from PB-I and PB-II.
The biochemical properties of TPC7 were characterized to
examine the origin of this unique TPC7 body.

Results

Generation of transgenic rice seeds containing
TPC7 and expression of TPC7 and SSPs in
rice seeds

Based on the reported amino acid sequence of TPC7
(Supplementary Fig. S1), the DNA sequence coding for the
TPC7 antigen was synthesized using codons that are preferen-
tially used in many rice seed storage protein (SSP) genes.
To maximize the production yield of TPC7 in rice seeds, the
glutelin GluB-1 signal peptide and the KDEL ER retention signal
were linked to the N- and C- termini of TPC7, respectively,
and this gene construct was expressed under the control of
the rice major SSP glutelin 2.3 kb GluB-1 promoter (Fig. 1A).
Accumulation levels of TPC7 in individual mature dry grains
(at least four grains per independent transgenic line) were
examined by Western blot analysis using an anti-TPC7 anti-
body. The line with the highest level of expression was
advanced to the next generation by self-pollination, and the
resulting homozygous seeds were further analyzed by SDS-
PAGE. As shown in Fig. 1B, compared with wild-type seeds,
TPC7 that accumulated in mature seeds was detected as add-
itional bands on the SDS-polyacrylamide gel with molecular
masses of 17 and 20 kDa. These bands specifically reacted with
the anti-TPC7 antibody, as seen in the Western blot analysis
(Fig. 1B). The estimated molecular mass of the lower band
was consistent with the expected molecular mass calculated
from the amino acid sequence of TPC7. The highest level
of TPC7 accumulation was approximately 207 uggrain™ ',
accounting for 17% of total seed protein (Supplementary
Fig. S2).

N-Glycan analysis of TPC7

TPC7 has a possible N-glycosylation site (Asn-Phe-Thr), be-
tween positions 79 and 81. To determine whether the upper
band observed on the SDS—polyacrylamide gels was glycosy-
lated TPC7, total seed proteins were digested by either endo-
glycosidase H (Endo H) or peptide-N-glycosidase F (PNGase F).
As shown in Fig. 1C, the upper band, produced by either diges-
tion, shifted to the 17kDa region, at the same position as
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Fig. 1 Expression of TPC7 in rice seeds and analysis of SSPs in trans-
genic seeds. (A) Schematic representation of the gene construct used
for expression of the TPC7 peptide in transgenic rice seeds. The TPC7
gene was under the control of the 2.3 kb glutelin B1 promoter (GluB1-
P). SP and GluB1-T represent the glutelin B1 signal peptide sequence
and 0.65kb 3'-untranslated region, respectively. KDEL, tetrapeptide
endoplasmic reticulum (ER) retention signal. (B) SDS-PAGE and
Western blot analysis of TPC7 transgenic dry seeds. Total proteins
were extracted from seeds of the wild type (W) and two independent
homozygous TPC7 (T) transgenic lines, and separated by 12% SDS-
PAGE. Coomassie Brilliant Blue (CBB) staining (left) and immunode-
tection with anti-TPC7 antibody (right). Molecular size markers are
indicated on the left. The unglycosylated TPC7 polypeptide is indi-
cated by an arrow. (C) N-Glycosylation analysis of TPC7 peptide accu-
mulated in rice seeds. Total proteins from TPC7 seeds were digested in
the absence (—) or presence (+) of either Endo H or PNGase F.
Reaction mixtures were analyzed by Western blot analysis using
anti-TPC7 antibody. (D) Western blot analysis of SSPs in TPC7 trans-
genic seeds. Immunodetection with anti-GluA, B, C, D, anti-Glob, anti-
10kDa, 13 kDa cysteine-rich (RM1), 13 kDa cysyeine-poor (RM2) and
16 kDa prolamins.

the lower band, indicating that more than half of the expressed
TPC7 was glycosylated with high mannose-type N-glycan.

To investigate the glycans linked to TPC7 in more detail,
sugar chains were fractionated and characterized by both
reversed phase- and size fractionation-HPLC, and a total of
12 fractions were obtained. The molecular masses of com-
pounds in the fractions were analyzed by MALDI-TOF-MS
(matrix-assisted laser desorption ionization-time of flight-mass
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Table 1 Relative amounts of PA-glycan structures detected in TPC7

N-Glycan structure Ratio (%)
Core mannose type M3 1.4
M4 13
M5 1
Total 3.7
High mannose type M7A 32
M7B 171
MB8A 47.3
M8B 39
M8C 1.1
M9 13.9
Total 86.5
a1,3-glucose linked GlcM7B 2.6
GIcM8A 49
GlcM9 23
Total 9.8

The relative ratio of structures was calculated on the basis of the peak area in
the size fractionation-HPLC profile. Peaks indicate the PA-glycans collected by
reverse phase- and size fractionation-HPLCs.

spectrometry). The elution points of each glycan in the
reversed phase-HPLC profile were compared with authentic
2-aminopyridine (PA)-glycans, and the glucan structures were
determined (Supplementary Fig. S3). The N-glycans were ex-
clusively of the high mannose type, with 7-9 mannose residues
(Table 1). These high mannose-type glycans comprised 86.5%
of the total glycans released from TPC7. Core mannose types
with 3-5 mannose residues and the o1,3-glucose-linked type
were also detected as minor glycans, accounting for 3.7%
and 9.8% of total glycans, respectively. The generation of core
mannose-type glycan suggests processing by vacuole-localizing
mannosidase. o1,3-Glucose-linked glycosylation may be gener-
ated by re-glycosylation with UGGT (UDP-glucose:glycoprotein
glucosyltransferase), after retrieval to the ER from the Golgi.
High mannose glycans are added to accessible asparagines
in proteins containing the Asn-X-Ser/Thr sequence when
secretory proteins are translocated into the ER, and more
complex glycans are built on the mannose framework in the
Golgi apparatus. Thus, major modification with high mannose-
type glycans and the absence of complex-type N-glycans, such
as plant-specific a.1,3-fucose and 31,2-xylose, suggest that most
of the TPC7 protein may be retained in the ER and further
deposited into ER-derived PBs or retrieved from the cis-Golgi
by the retrieval machinery. However, there also remains the
possibility that protein folding limits the access of Golgi
enzymes to glycans.

Effect of TPC7 accumulation on seed storage
proteins and chaperone proteins

In rice, the predominant SSPs are glutelins, globulins and pro-
lamins. We examined whether the synthesis of TPC7 protein
in maturing seeds had any effect on SSP production in trans-
genic seeds. Total seed protein was extracted from individual
mature seeds of T3 homozygous transgenic lines and subjected
to Western blot analysis using specific antibodies, after
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SDS—-PAGE. As shown in Fig. 1D, 26 kDa globulin (Glb-1) and
13kDa cysteine-poor prolamin (RM2) were markedly sup-
pressed in transgenic rice grains compared with wild-type
rice. However, the levels of most glutelins and 13kDa cyst-
eine-rich (RM1), 10kDa and 16 kDa prolamin were similar to
or lower than control levels.

Next, we examined whether the molecular chaperones
involved in ER quality control were induced by the strong pro-
duction of TPC7 in developing endosperm tissue. Specifically,
the levels of binding proteins (BiPs; BiP1, BiP4&S5), protein
disulfide isomerases (1-1, 2-3) and calnexin in mature seeds
of transgenic rice were compared with those of wild-type seeds.
We found that the expression and accumulation of these chap-
erones significantly increased in mature seeds accumulating
TPC7 (Fig. 2; Supplementary Fig. S4). These results indicate
that high accumulation levels of TPC7 may be recognized as ER
stress by BiPs (especially the induction of BiP4&S5 as an ER stress
marker), inducing the expression of chaperone proteins to
refold highly expressed protein in the ER lumen (Oono et al.
2010, Wakasa et al. 2012).

TPC7 accumulation induces novel storage
organelle formation in rice endosperm

Rice endosperm cells contain two types of PBs: ER-derived PBs,
referred to as PB-Is, and protein storage vacuoles (PSVs), desig-
nated PB-Ils. Major rice SSP glutelins and 26 kDa globulin ac-
cumulate in PB-lls, whereas prolamins are deposited in PB-Is
(Tanaka et al. 1980, Krishnan et al. 1986). PB-I and PB-Il are
easily distinguishable due to differences in morphological
features and electron density. The PB-Is containing prolamins
are smooth and spherical, with a diameter of approximately
1-2 um, with concentric rings of varying electron density.

A 0 4 B12162024ds B 0 4 8 12162024 ds DAF
kDa =

glutelin precursor

glutelin acidic
| glutelin basic

| prolamin

BiP1
BiP4&5

e — —

——
FOR2:A — — —

Fig. 2 Accumulation levels of chaperone proteins. Seed proteins
extracted from developing (0-24 DAF) and mature (ds) seeds were
separated by SDS-PAGE (top panels), and accumulation levels of
chaperone proteins were analyzed by Western blot analysis (other
panels). (A) Wild type. (B) TPC7 transgenic rice. The unglycosylated
TPC7 band is indicated by an arrow.

In contrast, the PB-lls containing glutelins and 26 kDa
a-globulin are larger (3—-4 um) and irregularly shaped, with a
highly uniform staining density. To investigate the effect
of reduced SSP levels on PB formation by accumulation of
TPC7 and the intracellular localization of TPC7 in subaleurone
cells, the intracellular structures of endosperm cells in the rice
subaleurone layer tissue were examined. First, thin sections
(1um) of seeds at 15-20 days after flowering (DAF) from
representative homozygous lines were stained with toluidine
blue and observed by optical microscopy. Interestingly, extra-
ordinarily large organelles were newly observed in transgenic
rice seeds accumulating TPC7, compared with wild-type seeds
(Fig. 3A, B). This novel organelle was spherical, with a diam-
eter of approximately 5-20 pum (Fig. 3B). To observe this novel
organelle in detail, 80 nm sections were observed by transmis-
sion electron microscopy (TEM). In transgenic rice seeds, the
size and number of both PB-Is and PB-Ils drastically diminished
(Fig. 3C, D), supporting the notion that levels of some SSPs
were remarkably reduced. The novel organelle had a smooth,
round shape and an electron-lucent structure (Fig. 3D). The
electron density of this organelle was lower than that of PB-Is.
Next, immune-cytochemical studies were carried out in de-
veloping endosperm, at 18 DAF, using several antibodies.
When an anti-RM1 antibody was used, immuno-gold particles
were only detected in PB-Is, but not in the novel organelle
(Fig. 3E, F). However, PB-Is were rarely incorporated into the
novel organelle (Fig. 3F). Furthermore, the smooth surface of
PB-Is observed in non-transgenic rice became wavy or rugged,
with radial stripes, although the spherical shape and electron-
lucent characteristic of PB-Is in the wild type was retained
(Fig. 3E, F). When the intracellular localization of GluA was
examined, gold particles labeled with the anti-GluA antibody
were observed in PB-lls but not in the novel organelle
(Fig. 3H). These results indicate that this novel organelle, de-
tected in transgenic rice seeds, is a unique organelle that
is different from PB-Is and PB-lls. In transgenic rice seeds,
gold particles labeled with an anti-TPC7 antibody were specif-
ically localized in the novel organelle (Fig. 3G), which we
designated the TPC7 body.

Next, to reconfirm the novelty of organelle-accumulating
TPC7, thick sections (150 um) of developing seeds, at 15-20
DAF, were stained with rhodamine B to localize ER-derived PB-
Is (red), and immunostained with anti-TPC7 (green) antibody
to visualize the TPC7 body. The TPC7 signal was detected
within the extraordinarily large organelle in transgenic endo-
sperm cells, but not in wild-type seeds (Fig. 4A, B), confirming
the generation of the novel TPC7 body. In addition, the number
and size of PB-Is stained with rhodamine were clearly smaller
than those of non-transgenic rice as a result of TPC7 body
formation.

BiP is the key chaperone involved in the folding of secretory
proteins, such as SSPs, in the ER lumen. Thus, major BiP1 inter-
acts with nascent immature secretory protein synthesized from
membrane-bound polysomes on the ER. The recombinant
TPC7 had a KDEL ER retention signal at the C-terminus and
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Fig. 3 Optical microscopy and transmission electron microscopy (TEM) of a subaleurone layer cell in developing seeds of wild-type and TPC7
transgenic plants. (A, C, E) Wild type. (B, D, F-H) TPC7 transformant. (A, B) Sections stained with toluidine blue and observed by optical
microscopy. Bars =20 um. (C, D) Sections were observed by TEM. Bars =2 pum. (E-H) Immunoelectron micrographs. (E and F) Anti-RM1
antibody. (G) Anti-TPC7 antibody. (H) Anti-GluA. Bars =500 nm. Red arrows indicate the novel organelle the TPC7 body. SG, starch granule;
PB-I, protein body I; PB-I, protein body II.
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Fig. 4 Indirect immunohistochemical analysis of TPC7 in subaleurone layer cells in developing seeds of the wild type (A, C) and TPC7
transformant (B, D). (A, B) Red signal indicates PB-Is labeled with rhodamine, and green signal indicates immunofluorescence of TPC7
immunostained with anti-TPC7 antibody. (C, D) Red signal indicates PB-Is labeled with rhodamine, and green signal indicates immunofiuor-

escence of BiP-1 immunostained with anti-BiP antibody. Bars =5 pum.

was expected to be retained in the ER lumen. BiP1 was found to
be predominantly localized in the periphery of PB-Is in the
wild type (Fig. 4C). In transgenic rice, BiP1 localized not only
at the periphery of PB-Is, but also more strongly in the TPC7
body (Fig. 4D). In light of the finding that BiP1 was localized
to the TPC7 body (Fig. 4D), the TPC7 body may be derived
from the ER.

Characterization of TPC7 protein

During rice seed development, endosperm cells synthesize
large amounts of proteins, salt-soluble globulins, alcohol-
soluble prolamins, and acid- and alkaline-soluble glutelins.
A sequential extraction experiment was carried out to exam-
ine the solubility of TPC7 protein. Rice seed proteins were

sequentially extracted with a salt solution (globulin fraction),
an alcohol solution containing reducing agent (prolamin frac-
tion) and an acid solution (glutelin fraction). As shown in
Fig. 5A, TPC7 expressed in seeds could be extracted in the
acid- and alkaline-soluble glutelin fractions, but not in the
prolamin fraction. The removal of cysteine-rich prolamins
was not necessary for the extraction of TPC7 because TPC7
could be efficiently extracted with 1% lactic acid without ex-
traction of prolamins (Fig. 5B). It was notable that TPC7 was
not eluted in the glutelin fraction before extraction with salt
solution (Fig. 5C). Removal of the globulin fraction was
required as a pre-treatment for the extraction of TPC7.
These results suggest that aggregates in the TPC7 body also
include salt-soluble endogenous rice proteins.
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PB-Is and PB-lls can easily be distinguished by differences
in the sensitivity of these structures to pepsin digestion
(Ogawa et al. 1987). Prolamin in PB-Is is resistant to pepsin
digestion, whereas glutelin in PB-Ils is readily digested by this
protease in wild-type rice (Takagi et al. 2010). To examine
the physical properties of the TPC7 body, we performed
in vitro digestion assays. As shown in Fig. 5D, pepsin digested
GluA and TPC7 completely within 30 min, whereas RM1 cyst-
eine-rich prolamin was partially resistant even after digestion
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Fig. 5 Characterization of TPC7 protein. (A-C) Sequential extraction of seed proteins from the wild type (W) and TPC7 transformant (T). Each
extracted protein fraction was subjected to SDS-PAGE (upper) and Western blot analysis using anti-TPC7 antibody (lower). (D) In vitro digestion
of transgenic rice seeds expressing TPC7. A homogenate of transgenic rice seeds was mixed with pepsin. These reaction mixtures were incubated
for up to 120 min at 37°C and examined by Western blot analysis using anti-TPC7, GluA and RM1 antibodies.
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for 120 min with pepsin. These results indicate that the digest-
ibility of TPC7 is different from that of prolamins deposited
in PB-Is, although the TPC7 body and PB-Is are derived from
the ER in a similar manner. The lower resistance of TPC7 vs.
prolamin in PB-Is to gastrointestinal digestion may be explained
by the fact that the TPC7 body is predominantly composed
of TPC7 alone, whereas PB-Is are tightly packaged with several
different types of prolamins, such as cysteine-rich and cysteine-
poor 13 kDa prolamins, 16kDa and 10kDa prolamins, that
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CBB western CBB

western

Fig. 6 TPC7 protein forms high aggregates via disulfide bonds.
Proteins were extracted with buffer in the absence (—) of 5% 2-mer-
captoethanol from mature seeds of the wild type (W), TPC7 (T) and
TPC m1 (m1) and then subjected to 12% (A, C) and 6% (B, D) SDS-
PAGE under non-reducing conditions (in the absence of 5% 2-mer-
captoethanol). Analysis was performed using CBB staining (left) and
Western blot analysis using anti-TPC7 antibody (right).

are spatially and systematically arranged during seed matur-
ation (Nagamine et al. 2011).

To investigate the structural status of TPC7 deposited in the
TPC7 body, TPC7 was extracted from mature seeds with buffer
lacking 2-mercaptoethanol. When subjected to 12% and 6%
PAGE and analyzed by Western blot analysis, the major 17
and 20 kDa bands that were observed after 2-mercaptoethanol
extraction drastically decreased. Instead, very broad smear
bands with molecular masses of >120kDa were detected,
along with major bands of approximately 45kDa and a band
of approximately 90 kDa (Fig. 6A, B). The latter bands may have
been generated by dimer formation or large aggregate forma-
tion via inter-disulfide bonds and hydrophobic interactions
characteristic of Bet v 1 protein; a trimer of Bet v 1 was previ-
ously shown (by gel filtration analysis) to form high molecular
weight aggregates (>600 kDa) (Campana et al. 2011). The pro-
pensity of TPC7 to form large aggregates may be implicated
in the formation of TPC7 bodies.

Signals implicated in TPC7 body formation

We have previously reported that when some recombinant
proteins are expressed as secretory proteins by adding an
N-terminal signal peptide to transport the proteins into the
ER lumen, the proteins accumulated to higher levels than pro-
teins lacking a signal peptide (Takagi et al. 2005b). The ligation
of the KDEL ER retention signal to the C-terminus of

recombinant proteins is also an effective way to obtain higher
levels of accumulation than recombinant proteins lacking a
KDEL (Wandelt et al. 1992). Furthermore, TPC7 contains one
free cysteine residue at position 113. This cysteine residue may
be required for high levels of protein accumulation by the inter-
molecular interaction between free cysteine residues via disul-
fide bonds. Therefore, to investigate the roles of signal peptide,
the KDEL ER retention signal and free cysteine residues in the
accumulation of TPC7 and the generation of TPC7 bodies
in rice seeds, we transformed rice plants using five distinct
constructs (Fig. 7A). In the m1 construct, the cysteine residue
was changed to alanine. In the m2 construct, the KDEL ER
retention signal was removed. In the m3 construct, the cysteine
residue was changed to alanine and the KDEL ER retention
signal was removed. In the m4 and m5 constructs, both
the GluB1 signal peptide and the KDEL ER retention signal
were removed. In addition, the cysteine residue was replaced
by alanine in construct m5.

The expression levels of the TPC7 gene in maturing seeds
were first analyzed by reverse transcription—-PCR (RT-PCR) in
the transgenic plants. The accumulation levels of TPC7 in
mature, dry grains were then examined by Western blot analysis
with an anti-TPC7 antibody. Although the TPC7 transcript
levels were not affected by the removal of either the KDEL
retention signal or the N-terminal signal peptide, the lack
of both signals resulted in a remarkable reduction in the
TPC7 transcript level in transgenic rice containing m4 or m5
(Fig. 7B). In fact, TPC7 accumulation was not detectable in
transgenic rice containing either m4 or m5 (Fig. 7C). These
results indicate that the glutelin signal sequence might be
required for the stable expression and accumulation of TPC7
in rice seeds.

The morphology of the TPC7 body in transgenic rice con-
taining construct m1 or m2 was slightly distorted from that
of the native body, and the size of the TPC7 body decreased
(Figs. 4B, 7D, E). The surfaces and structures of the TPC7 body
were not smooth or spherical in transgenic rice containing
either m1 or m2 (Fig. 7G, H). In transgenic rice containing
construct m3, the TPC7 body was rarely detected. The TPC7
bodies, when present, were spherical, with non-smooth surfaces
(Fig. 7)). Most of the TPC bodies were <0.2 pum in size (Fig. 71).
Remarkably, they were located in the nucleus. This was never
observed in wild-type rice or transgenic rice containing other
constructs for TPC7 expression (Fig. 7F, I-L). We have no clear
explanation for why the double mutations in the m3 construct
favor nuclear localization, although conversion of cysteine to
alanine and removal of KDEL from TPC7 resulted in nuclear
localization in the transgenic rice. The presence or absence of
glycosylation may be related to the localization at the nucleus.
However, the ratio of glycosylated TPC7 to unglycosylated
TPC7 was not appreciably affected by the different mutations
(Fig. 7C). To examine whether the glycosylated and unglycosy-
lated forms of TPC7 were co-localized in TPC7 bodies, we
tried to carry out subcellular fractionation. TPC7 bodies were
collected by centrifugation and then subjected to Western blot
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Fig. 7 Comparison of TPC7 peptide accumulation and TPC7 body localization using different constructs in rice seeds. (A) Schematic repre-
sentation of five constructs compared with the TPC7 construct. C— A indicates cysteine changed to alanine in the TPC7 amino acid sequence.
(B) Expression level of TPC7 genes in developing seeds. Expression of the 17S gene was evaluated as an internal control for RT-PCR.
(C) Accumulation level of TPC7. (D-F) Merged image for indirect immunohistochemical analysis of the TPC7 body in subaleurone cells of
m1, m2 and m3 transgenic rice seeds. Green and red signals indicate the localization of TPC7 and PB-Is, respectively. Bars = 10 pum. (G-I) Sections
of m1, m2 and m3 were observed by TEM. Red arrows indicate the TPC7 body. Bars = 1 um. (J-L) Immunostaining of TPC7 (green) in transgenic
rice containing the m3 construct. DAPI (4',6-diamidino-2-phenylindole)-stained (blue) nucleus. Bars =5 um.
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analysis using an anti-TPC7 antibody. As shown in
Supplementary Fig. S5, both the glycosylated and unglycosy-
lated forms of TPC7 were detected in the same fraction. These
results suggest that the glycosylated and unglycosylated forms
of TPC7 were co-localized in TPC7 bodies. Furthermore, the
TPC7 gene containing alanine instead of asparagine (the
N-glycosylation site) at position 79 was introduced into the
rice genome. Supplementary Fig. S6 shows that distinct
TPC7 bodies similar to those of native TPC7 bodies were pre-
sent in the transgenic rice seed. These findings indicate that
there was little correlation between glycosylation and traffick-
ing to the nucleus. Further work will be required to understand
why double mutations in m3 direct nuclear localization.

Role of the cysteine residue in the TPC7

When the m1 mutant lacking the single cysteine residue was
analyzed by SDS-PAGE under non-reducing conditions, the
amount of dimers or multimers formed via interdisulfide
bonds was significantly lower than with native TPC7 protein
(Fig. 6C, D). This result indicates that disulfide bond formation
was involved in the formation of the high molecular weight
aggregates. Multimers larger than dimers could also have
been the result of interchain disulfide bond formation between
TPC7 and endogenous rice proteins, resulting in heteromer
formation in vivo or during the extraction procedure, because
native TPC7 has a free cysteine residue. However, it is notable
that TPC7 bodies made up of TPC7 multimers were detected
even in transgenic rice seed containing the m1 construct,
although the size of such bodies was lower than in rice seeds
containing wild-type TPC7. These results suggest that self-
aggregation via hydrophobic interactions may also participate
in TPC7 body formation.

We first examined whether m1 protein could be extracted
by using neutral buffer containing a non-ionic detergent
(1% Triton X-100) to solubilize the membrane. As shown in
Supplementary Fig. S7, mutagenized TPC7 lacking the cysteine
residue could not be extracted by neutral buffer containing the
non-ionic detergent. On the other hand, extraction with neu-
tral buffer and saline solution containing 0.15% SDS resulted
in the extraction of TPC7 as well as m1 (Fig. 8). Extraction
with saline solution required a higher concentration of
SDS than extraction without salt, both for TPC7 and for m1.
This may be due to a decrease in stability of SDS by ion
exchange between SDS and saline. In light of the results show-
ing that glutelins and prolamins cannot be extracted with these
solutions, high molecular weight aggregates of TPC derivatives
deposited in TPC7 bodies may be formed via hydrophobic
interactions in a manner similar to that of Bet v 1.

Furthermore, the interaction of TPC7 protein with endogen-
ous seed proteins via the cyseine residue was examined by
comparing the sequential extraction patterns of TPC7 seeds
with those of m1 seed. Supplementary Fig. S8 shows there
was no difference in the sequential extraction pattern between
TPC7 seeds and m1 seeds. Although we would not exclude
totally the possibility that heterotypic interactions are also

responsible for the formation of the large polymers, these
results suggest that self-aggregation of TPC7 via disulfide
bonds and hydrophobic interactions mainly contributes to
the formation of large TPC7 bodies.

Discussion

Plants offer an attractive platform for the development of
affordable vaccines (Tiwari et al. 2009). The advantages of
plants include the low cost of production, scalability, low
health risks due to little or no contamination with human
pathogens, and the potential for the vaccines to be used in
the unprocessed or partially processed form. In particular,
plant-based vaccines provide a means to deliver large quantities
of a designated antigen in an encapsulated form. Notably, when
transgenic plants containing tolerogens are orally admini-
strated, not only systemic (parental), but also mucosal
immune, tolerance can be induced. Furthermore, the bio-en-
capsulation of tolerogens in plant tissue protects the material
from digestive enzymes and harsh conditions in the gastrointes-
tinal tract, thus providing an ideal system for delivery to
the mucosal immune system in gut-associated lymphoid
tissue (GALT), due to the presence of cell compartments, con-
sisting of cell walls and protein bodies, when antigens are orally
administered (Streatfield 2006, Takaiwa 2011). Stability at am-
bient temperatures for several years and needle-free adminis-
tration also make oral immunotherapy an attractive alternative
to subcutaneous injection (Nochi et al. 2007).

The production of Bet v 1-related antigens in plants has
not been reported, although recombinant Bet v 1 and hypo-
allergenic Bet v 1 derivatives, such as Bet v 1 trimer and Bet v 1
fragments, have been produced in Escherichia coli as tolerogens
for allergen-specific immunotherapy (Gronlund and Gafvelin
2010). These recombinant Bet v 1 derivatives have been sub-
jected to clinical trials and have proceeded to Phase llI.

In this study, the TPC7 hypoallergenic tolerogen was highly
and specifically expressed in the endosperm tissue of stably
transgenic rice seeds. The highest level of TPC7 accumulation
was approximately 207 pig grain~ ', accounting for 17% of total
seed protein. Interestingly, TPC7 was deposited in extraordin-
arily large, probably ER-derived bodies that we designated TPC7
bodies. The morphology of the TPC7 body is spherical, and its
surface is smooth. The diameter of the TPC7 body sometimes
reaches >20 um, with an average diameter of 5-10 um. More
than half of the accumulated TPC7 was found to be glycosy-
lated, with one N-glycosylation site (Asn-X-Ser/Thr) between
positions 79 and 81. Glycosylation was mainly limited to high
mannose-type N-glycans, with a lack of complex-type N-glycans
containing plant-specific a1,3-fucose and 1,2-xylose, suggest-
ing that TPC7 may be completely retrieved to the ER from the
Golgi and may be not trafficked to the Golgi apparatus. As a
result, TPC7 efficiently accumulates in the ER lumen, and TPC7
bodies may be generated by specific aggregation due to hydro-
phobic properties. The ER origin of the TPC7 body was also
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Fig. 8 Solubility of TPC7 and TPC7m1 proteins in neutral buffer containing different concentrations of SDS. Sequential extraction of TPC7
(A and C) and TPC7m1 (B and D) proteins from transgenic seeds using neutral buffer (10 mM Tris—HCl, pH 7.5) containing 0, 0.15, 1 and 4% SDS
(A and B) and saline buffer (10 mM Tris—HCl, pH 6.8, 0.5 M NaCl) containing 0, 0.15, 1 and 4% SDS (C and D). Each extracted protein fraction was
subjected to SDS-PAGE (upper) and Western blot analysis using anti-TPC7 antibody (lower).

supported by the finding that the major BiP1 characteristic of
ER-derived PB-Is was localized to the TPC7 body.

When recombinant proteins are produced in seeds as secre-
tory proteins via the endomembrane system, the intracellular
deposition site of the recombinant protein is closely related
to production yield, which is determined by targeting signals,

inherent physical properties and interaction with other
proteins in the ER lumen. In particular, stability and post-
translational modification such as glycosylation are affected
by intracellular deposition sites and trafficking routes. When
KDEL-tagged recombinant proteins are produced in seeds,
production vyields are often enhanced, and most of the
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recombinant proteins accumulate primarily, or exclusively, in
ER-derived PBs. However, the subcellular localization of recom-
binant proteins sometimes depends on the intrinsic properties
and the assembly state of the protein (Stoger et al. 2005).
Notably, the deposition of recombinant protein is affected by
highly synthesized storage proteins. Free cysteine residues in the
recombinant protein may be involved in the interaction of the
protein with cysteine-rich SSPs such as cysteine-rich prolamins,
resulting in the deposition of the protein into ER-derived PBs by
co-localization with prolamins (Kawagoe et al. 2005). On the
other hand, some recombinant proteins are prone to form ag-
gregates in the ER lumen due to physical properties, such as
high hydrophobic domains within a molecule. Generally, aggre-
gated proteins are sensed as ER stress and are therefore
degraded by the unfolded protein response that serves as an
ER quality control mechanism. However, it is important to note
that the products of high levels of aggregation in the ER lumen
can accumulate without degradation when expressed in cereal
endosperm tissue. Of course, ER stress is activated when the ER
is overloaded with recombinant proteins. As shown in Fig. 2,
the expression of high levels of TPC7 in rice endosperm tissue
elicited ER stress, leading to the distortion of native storage
protein trafficking and PB formation. In particular, the synthesis
of prolamins that are sorted into ER-derived PB-Is is severely
suppressed, compared with that of glutelins deposited in PSVs
(PB-lls). When a large TPC7 body was generated in the ER
lumen and budded off, the morphology of the PBs (especially
PB-Is) was distorted, and the number and sizes of PB-Is and
PB-lIs were remarkably reduced.

Despite bearing a KDEL retention signal, the phenomena in
which recombinant proteins are targeted to other locations,

such as PSVs and the apoplast, have been reported in several
studies of proteins expressed in seeds (Table 2). Human serum
albumin and Aspergillus niger phytase were delivered to PSVs,
along with SSPs, in wheat endosperm. Several ScFVs
(scFvT84.66, HA78 scFv-Fcs and 2G-12 scFV-Fcs) and the
14D9 monoclonal antibody have been targeted to PSVs as
well as the ER (ER bodies) in rice, Arabidopsis and tobacco
seeds (Torres et al. 2001, Petruccelli et al. 2006, Loos et al.
2011). GAD67/65 and proinsulin were mainly targeted to
PSVs in the cotyledons of Arabidopsis seeds (Morandini et al.
2011). Notably, when multimeric antibody subunits in IgA
were simultaneously expressed in rice seeds, the assembled
antibodies were delivered to PSVs, whereas non-assembled
individual antibody subunits were retained in ER-derived PBs
(Nicholson et al. 2005).

When several recombinant proteins with KDEL tags were
produced in rice endosperm, most of the proteins were traf-
ficked into typical ER-derived PB-Is. Recombinant proteins with
free cysteine residues (7Crp, Der p 1 and Der f 2) were found to
interact with various types of cysteine-rich prolamins, including
13, 16 and 10 kDa prolamins, which facilitated the deposition of
the proteins into PB-Is by the formation of aggregates between
the recombinant protein and cysteine-rich prolamins (Yang
et al. 2008, Takaiwa et al. 2009, Yang et al. 2012). Such aggre-
gates are retained in the ER, resulting in the formation of
ER-derived PBs that contain polymerized aggregates and are
sequestered into PB-Is. When interleukin-10 (IL-10) with a
KDEL tag was produced in rice seeds, IL-10 itself aggregated
in the ER lumen and formed unique, small (mini) ER bodies,
which then assembled with prolamins, resulting in the
formation of an IL-10-prolamin assembly. In rice endosperm,

Table 2 Subcellular targetting of foreign (recombinant) proteins containing a C-terminal KDEL tag in transgenic plants

Host plant  Recombinant protein Promoter Tissue Localization Reference
Rice ScFv T84.66 Ubiquitin-1 Endosperm  PB-l, PB-Il (PSV) Torres et al. (2001)
Leaf, cullus ER vesicle
7Crp Glutelin GluB-1 Endosperm  PB-I Takaiwa et al. (2009)
Der p 1, Der p 1(45-145)  Glutelin GluB-1 Endosperm  PB-I Yang et al. (2008), Suzuki et al. (2011)
2 x Amyloid (1-42) Glutelin GluB-1 Endosperm  PB-I Oono et al. (2010)
Schuffle Cry j 2 Glutelin GluB-1 Endosperm PB-I Wakasa et al. (2012)
Modified Der f 2 Glutelin GluB-1 Endosperm  ER body (Derf 2 body)  Yang et al. (2011)
miL-10 Glutelin GluB-1 Endosperm ER body (IL-10 body) Yang et al. (2012)
TPC7 Glutelin GluB-1 Endosperm  ER body (TPC7 body) This study
Secretory IgA Ubiquitin-1 Endosperm  PB-l (subunit) Nicholson et al. (2005)
PB-II (PSV) (assembly)
Wheat Human serum albumin Ubiquitin-1 Endosperm  Prolamin PB Arcalis et al. (2004)
Leaf ER

Arabidopsis  ScFv MBP10 B-Phaseolin Cotyledon Periplasmic space, ER Van Droogenbroeck et al. (2007)
ScFv 2G12 [B-Phaseolin Cotyledon ER-derived vesicle Loos et al. (2011)
ScFv HA78 B-Phaseolin Cotyledon ER-derived vesicle Loos et al. (2011)
GAD67/65mut B-Phaseolin Cotyledon PSV Moraudini et al. (2011)
Proinsulin B-Phaseolin Cotyledon PSV Moraudini et al. (2011)
miL-10 [B-Phaseolin Cotyledon ER body, apoplast Moraudini et al. (2011)

Tobacco Antibody 14D9 o -Beonglycinin  Cotyledon PSV Petruccelli et al. (2006)

CaMV 35S Leaf ER
Medicago Phytase CaMV 355 Cotyledon ER Abranches et al. (2008)
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numerous tiny IL-10 granules and small PB-Is were loosely gath-
ered together, like ER-derived PB structures, or occasionally
constituted huge, unique IL-10—-PB-I assembles. In a similar
way, hIL-10, produced in Arabidopsis seeds, was deposited in
ER-derived membrane compartments that were similar to mini
ER bodies found in cereal seeds (Morandini et al. 2011). A simi-
lar intracellular localization in ER vesicles was also observed
when granulocyte-macrophage colony-stimulating factor
(GM-CSF), lacking the KDEL tag, was expressed as a secretory
protein with a signal peptide in rice endosperm (Ning et al.
2008).

On the other hand, modified mite allergen Der f 2 deriva-
tives aggregated in the ER lumen and were deposited in unique,
PB-like structures, referred to as Der f 2 bodies. The Der f 2 body
differs in terms of intracellular localization and physicochemical
properties from PB-Is and PB-lls (Yang et al. 2012).

The TPC7 body is different from PB-Is and PB-Ils. Biogenesis
of this PB may be essentially identical to that of the Der f 2 body.
Formation of the Der f 2 body may be attributed to aggregation
properties based on the uniquely enhanced hydrophobic do-
mains within the molecule; the ER-derived Der f 2 body can be
formed even from a modified Der f 2 derivative lacking the
cysteine residue. However, the critical difference between the
TPC7 body and the Der f 2 body is that the former can only
form large organelles, due to aggregation properties.

The driving forces for formation of large PBs were examined
through the self-assembly of TPC7. A mutation of only the
cysteine residue in TPC7 altered the morphology of the TPC7
body (rugged surface). Because the free cysteine residue of
TPC7 is not involved in the interaction with cysteine-rich pro-
lamins, this residue may be responsible for the generation of
TPC7 bodies by self-assembly or aggregate formation via disul-
fide bond formation and hydrophobic interactions. Actually,
multimer formation by the m1 mutant lacking the single cyst-
eine residue was significantly lower than multimer formation by
the native TPC7 protein when the proteins were analyzed by
SDS-PAGE under non-reducing conditions. However, mult-
mers of TPC7 could have resulted from the formation of het-
eromers between endogenous rice proteins such as glutelins or
cysteine-rich prolamins and TPC7 via disulfide bond formation.
This possibility was excluded by the results showing the absence
of immuno-gold-labeled anti-glutelin or anti-prolamin anti-
body reactivity in TPC7 bodies (Fig. 3). Sequential extraction
experiments showed that the extraction efficiency was not
affected by the presence or absence of the cysteine residue.
Furthermore, not only m1 but also TPC7 could be efficiently
extracted with neutral buffer containing 0.15% SDS, but prola-
mins and glutelins could not. These findings suggest that not
only disulfide bond formation but also self-aggregation via
hydrophobic interactions between TPC7 molecules may par-
ticipate in TPC7 body formation, and that aggregation between
TPC7 and endogenous seed proteins does not occur in TPC7
bodies.

It is important to examine whether transgenic rice seeds
containing TPC7 are effective birch pollen allergens that can
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serve as immune tolerogens by oral administration to mice.
Indeed, it will be interesting to determine how large TPC7
bodies that accumulate TPC7 are delivered to GALT when
they are actually fed to mice.

Materials and Methods

Production of transgenic rice

DNA encoding TPC7 was synthesized using optimized codons,
preferentially used in genes encoding many major rice SSPs
(Takaiwa et al. 2008). The modified TPC7 gene, with or without
a GluB-1 signal peptide (72bp) sequence and ER retention
signal (KDEL), attached to the N- and C-termini, respectively,
was ligated downstream from the endosperm-specific 2.3 kb
GluB-1 promoter, and upstream of a 0.65 kb GIuB-1 terminator
(Fig. 1A). In the m1, m3 and m5 constructs, point mutation was
carried out, leading to the substitution of cysteine (TGC) with
alanine (GCC) in the TPC7 amino acid sequence
(Supplementary Fig. S1). The resulting constructs were
cloned into the Hindlll and EcoRI sites of the binary vector
pGPTV-355-HPT (Takagi et al. 2005a). Rice plants (Oryza
sativa cv. Kita-ake) were transformed with the plasmids
described above by Agrobacterium-mediated transformation,
as previously described (Qu and Takaiwa 2004). The following
primer sets were employed: the TPC7 gene was amplified with
TGCCATGGGTGTTTTCAATTACGAAG and CGAGCTCTTAG
TTGTAAGCATCGGAGTGTGC. The point mutation primer set
was GGCAACCCCTGATGGAGGAGCCGTATTGAAGATCAA
CAAC and GTTGTTGATCTTCAATACGGCTCCTCCATCAGG
GGTTGCC.

Expression of TPC7 in Escherichia coli and
anti-TPC7 antibody preparation

The coding region of TPC7 was amplified by PCR using the
primer set ATCATATGGGTGTTTTCAATTACGAAG and ATG
GATCCTTAAAGCTCATCCTTGTTG, which contain Ndel and
BamHI restriction sites, respectively. The PCR product was in-
serted into the pET-15b expression vector (Novagen).
Expression of the TPC7 peptide tagged with 6x His residues
in E. coli strain Rosetta-gami 2(DE3) (Novagen) was carried out
according to the manufacturer’s protocol. His-tagged TPC7
peptide was purified using Ni Sepharose 6 Fast Flow (GE
Healthcare) and immunized against a rabbit to raise anti-
TPC7 antibodies.

Protein extraction and Western blot analysis

Mature seeds from transgenic rice lines were individually
ground into a fine powder with a multi-bead shocker
(Yasui Kikai). For total protein extraction, extraction buffer
[50 mM Tris—HCI (pH 6.8), 8 M urea, 4% (w/v) SDS, 20% (v/v)
glycerol, 5% (v/v) 2-mercaptoethanol] was added to the
seed powder and vortexed for 1Th at room temperature.
The mixture was centrifuged at 13,000xg for 10 min (Tada
et al. 2003).
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Total seed protein was separated by 12% (w/v) SDS-PAGE
and transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore) for Western blot analysis. The expression of
the TPC7 peptide in mature seeds was detected immunologic-
ally, using the rabbit anti-TPC7 antibody described above.
Anti-glutelin A, B, C, D, 26 kDa globulin (Glb-1), and 13 kDa
cysteine-rich prolamin (RM1), 13 kDa cysteine-poor prolamin
(RM2), 10kDa and 16kDa prolamin rabbit antibodies were
also used, followed by the use of secondary anti-rabbit 1gG
horseradish peroxidase (HRP) conjugated antibody. Signals
were detected with ECL-Western blotting detection reagent
(GE Healthcare). SDS—polyacrylamide gels were stained with
Coomassie Brilliant Blue (CBB) G-250 (Nacalai Tesque).

The recombinant protein yields were estimated from the
intensity of the bands that reacted with the TPC7 antibody,
using purified TPC7 produced from E. coli as a standard. The
band images were scanned and quantified using ImageQuant
TL (GE Healthcare).

Glycosylation analysis

Total seed proteins were extracted as described above and
precipitated with chloroform/methanol. The proteins were
then resuspended in reaction buffer and incubated in the
presence or absence of Endo H or PNGase F at 37°C for 1h,
according to the manufacturer's protocol (New England
Biolabs). The reaction products were used for SDS—-PAGE and
Western blot analysis.

Purified TPC7 was separated by 15% SDS—PAGE and stained
by CBB. The CBB-stained bands were excised from the gel,
destained with 50 mM NH4HCO5 in 50% acetonitrile, and dehy-
drated using acetonitrile. TPC7 was digested using trypsin
(Sigma) in ProteaseMAX Surfactant (Promega) at 37°C for
3 h. The N-glycopeptide from TPC7 was completely dried out.
The N-glycans were released from the in-gel-digested TPC7
N-glycopeptide, by hydrazinolysis at 100°C for 10h. The
released N-glycans were PA labeled as previously described
(1). The reaction products of PA-N-glycans were purified by
size fractionation-HPLC using a Shodex Asahipak NH2P-50 4E
column (4.6 mm ID x 250 mm; Showa Denko). The N-glycans
were detected by reverse phase-HPLC. The mobile phase
was composed of 0.02% trifluoroacetic acid (solvent A) and
acetonitrile/0.02% trifluoroacetic acid (solvent B; 20/80, v/v).
Reverse phase-HPLC was performed using a Cosmosil 5C18-
AR-Il column (4.6 x 250 mm; Nacalai Tesque) with a Hitachi
LaChrom HPLC System by linearly increasing the solvent
B concentration from 0 to 20% over 35min at a flow rate of
0.7 mlmin~". The eluted fractions were monitored by measur-
ing the fluorescence intensity, using excitation and emission
wavelengths of 310 and 380 nm, respectively.

The molecular masses of the PA-N-glycans, and the number
of sugar moieties, were estimated by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) using an Agilent
Technologies 1200 series instrument equipped with HCT plus
software (Bruker Daltonics). For LC, the mobile phase was
composed of acetonitrile/acetic acid (solvent A: 98/2, v/v)

and water/acetic acid/triethylamine (solvent B: 92/5/3, by
vol.). The PA-sugar chain was separated using a Shodex
Asahipak NH2P-50 2D column (2.0 mm ID x 150 mm; Showa
Denko), by linearly increasing the solvent B concentration from
20% to 55% over 35 min at a flow rate of 0.2 mlmin~". The MS/
MS parameters were as follows: scan range m/z 350-2,750;
nebulizer flow of 5.0 p.s.i; dry gas flow rate of 3.0 min~"; dry
temperature of 300°C; target count of 200,000; and MS/MS
Frag. Ampl. of 1.0 V in the positive-ion mode. The relative quan-
tity of N-glycan detected in each plant was calculated on the
basis of the peak area of the LC.

To determine the PA-N-glycan structures, PA-N-glycans
were further separated by size fractionation-HPLC under the
following conditions: the mobile phase was composed of 80%
acetonitrile (solvent A) and 20% acetonitrile (solvent B; 20/80,
v/v) using a Shodex Asahipak NH2P-50 4E column with a
Hitachi LaChrom HPLC System by linearly increasing the solv-
ent B concentration from 10% to 60% over 25 min at a flow rate
of 0.7mlmin~". Each PA-N-glycan structure was compared
with authentic PA-N-glycans purchased from TAKARA and
Masuda Chemical Industries or prepared from the enzymatic
partial digestion of authentic PA-sugar GlcMan8-PA using Jack
Bean a-mannosidase (Sigma).

Sequential protein extraction

Rice SSP was extracted from pulverized mature seeds using a
sequential extraction method. Globulins were extracted with
500 pu of globulin extraction buffer (0.5 M NaCl, 10 mM Tris—
HCI, pH 6.8) from 25 mg of seed powder. After removal of the
globulins, prolamins were extracted from residual proteins with
500 pl of prolamin extraction buffer (60% n-propanol, 5%
2-mercaptoethanol). Each extraction step was repeated five
times and performed by 2 min of sonication followed by cen-
trifugation at 13,000x g for 10 min. After the stepwise removal
of the globulin and prolamin fractions, glutelins were extracted
from residual proteins with 500 pl of glutelin extraction buffer
(1% lactic acid, TmM EDTA). The supernatant, containing
glutelins, was neutralized with 1N NaOH and centrifuged to
produce the glutelin fraction. The extracted fractions were used
for SDS-PAGE and Western blot analysis.

TPC7 and TPC7m1 proteins were also extracted from 25 mg
of seed powder with 500 il of neutral buffer [10 mM Tris—HCI
(pH 75), 1% (v/v) Triton X-100], and then sequentially
extracted with neutral buffer (10mM Tris—HCl, pH 7.5) or
saline buffer (0.5 M NaCl, 10 mM Tris—HCl, pH 6.8) containing
0.15, 1 and 4% SDS.

In vitro pepsin digestion

A 5mg aliquot of rice seed powder was dissolved in hydro-
chloric acid (HCl, pH 1.2) and 30 mM sodium chloride (NaCl)
with 0.16% (w/v) pepsin (Sigma). Digestion reactions were incu-
bated for 0, 0.5, 1, 5, 15, 30, 60 or 120 min at 37°C (Takagi et al.
2010) and terminated with the addition of protein extraction
buffer, as described above. Reaction mixtures were used for
SDS—PAGE and Western blot analysis.
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Indirect immunohistochemical analysis by
confocal laser scanning microscopy

Developing seeds (15-20 DAF) of transformants and wild-type
plants were cross-sectioned with a DTK-1000 Microslicer
(Dosaka EM) to approximately 150 um in thickness for indirect
immunohistochemical analysis, as previously described (Yasuda
et al. 2006). The anti-TPC7 or maize BiP antibody was used at a
1:300 or 1:200 dilution, respectively, as primary antibody.
Rhodamine B was used to stain PB-Is. The specimens were
observed with a confocal laser scanning microscope (Fv10i,
Olympus) using green fluorescent protein (GFP) and rhoda-
mine filter sets.

Indirect immunohistochemical analysis by TEM

Developing seeds (15-20 DAF) of transformant and wild-type
plants were fixed with fixation buffer (4% paraformaldehyde
and 1% glutaraldehyde in 50 mM phosphate buffer, pH 7.4)
for 2h at room temperature. The fixed specimens were
washed with phosphate buffer and dehydrated in a graded
ethanol series. The specimens were embedded in LR White
resin (London Resin Company). The embedded specimens
were cut with a glass knife using an ultramicrotome (Utracut-
R, Leica) and mounted on nickel grids. The section samples
were reacted with primary antibody (TPC7 antibody, GluA anti-
body, RM1 antibody, maize BiP antibody), followed by incuba-
tion in a 1:30 dilution of AuroProbe EM Goat Anti-Rabbit
IgG (H+ L GE Healthcare). The grids were observed with a
transmission electron microscope (JEM-1010, JEOL) running
at 80kV.

RNA preparation and RT-PCR

Total RNA was prepared from developing seeds (15 DAF)
of wild-type and transgenic rice plants as previously described
(Takaiwa et al. 1987). Aliquots containing 1 g of total RNA
were subjected to ¢cDNA synthesis using mixed primers of
random hexamer and oligo(dT) and SuperScript Ill reverse
transcriptase (Invitrogen), according to the manufacturer’s
protocol. Using the TPC7 gene primer set (described above)
and the synthesized cDNAs as templates, PCR amplifications
were performed using KOD FX (Toyobo) as follows: 24 cycles
of 95°C for 305, 60°C for 30s and 68°C for 40ss.

Supplementary data

Supplementary data are available at PCP online.
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MGVFNYEVETPSVISAARLFKSYVLDGDKLIPKVAPQAIT
SVENIEGNGGPGTIKKISFPEGFPFKYVKDRVDEVDHTNF
TYSYTVIEGGPVGDTLEKISNEIKIVATPDGGCVLKINNK
YHTKGNHEVKAEQVKASKEMGETLLRAVESYLLAHSDAYN

Fig. S1 Amino acid sequence of TPC7 protein.
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Fig. S2 Accumulation levels of TPC7 in mature seeds of transgenic rice plants. The amounts
of TPC7 in mature dry seeds of the transgenic line that produced the largest amount of
TPC7 (T3 generation) were determined by western blot analysis using purified His-TPC7
produced in E. coli as a standard. Five seeds from this transgenic line were extracted with
urea/SDS buffer and the amounts of TPC?7 in the mature seeds was determined the bands
on the western blot image were quantified with ImageQuant TL. The highest level of TPC7
that accumulated in mature seeds was approximately 207 7 29 #g/grain.
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Fig. S3 Structures of the PA-sugar chains used in this study. The structures are divided into three
groups, core-Mannose structure, high-Mannose structure, and a1,3-Glucose-linked structure. The
PA-sugar chains listed in this table were purchased from TaKaRa (Shiga, Japan) and Masuda
Chemical Industries (Kagawa, Japan) or were prepared by enzymatic digestion, as described in
Materials and Methods. Man, Mannose; GIcNAc, N-Acetylglucosamine; Glc, Glucose.
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Fig. S4 Comparison of gene expression patterns of 10 BiPs during seed development by RT-PCR.
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Fig. S5 Subcellular fractionation of TPC7 bodies. TPC7 seeds were pulverized and homogenized with
10 mM Tris-HCI (pH 7.5). The homogenate was centrifuged at 100 7 g for 10 min to remove debris.
Then, the supernatant was centrifuged at 10,000 7 g for 10 min to collect TPC7 bodies. The precipitate
containing TPC7 bodies was subjected to SDS-PAGE (upper) and western blot analysis using anti-
TPC7 antibody (lower). W, wild type; T, TPC7 transformant.
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Fig. S6 Indirect immuno-histochemical analysis of unglycosylated TPC7 in subaleurone layer
cells in developing seeds. The red signal indicates PB-I labeled with rhodamine and the green
signal indicates immunofluorescence of TPC7 immunostained with anti-TPC7 antibody.
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Fig. S7 Solubility of TPC7 and TPC7m1 proteins in neutral buffer. Extraction of TPC7 (A) and TPC7m1
(B) proteins from transgenic seeds using neutral buffer (10 mM Tris-HCI [pH 7.5], 1% [v/v] Triton X-100).
Each extracted protein fraction was subjected to SDS-PAGE (upper) and western blot analysis using the
anti-TPC7 antibody (lower).
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Fig. S8 Sequential extraction of seed proteins from the wild type (W) and TPC7m1 transformant (T).
Each extracted protein fraction was subjected to SDS-PAGE (upper) and western blot analysis using
the anti-TPC7 antibody (lower).



