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Summary   Gly m Bd 28K (Gm28K), a soybean allergen, is formed as a 

preproprotein consisting of a predicted signal peptide, Gm28K, and the 23-kDa peptide 

(Gm23K). Gm28K and Gm23K are found in the protein-storage vacuoles (PSVs) of 

developing soybean seeds. However, the complete structure of Gm28K has not yet 

been identified and its processing and transport to the vacuoles has never been clarified. 

In the present study, we elucidated the 5’-nucleotide sequence of cDNA encoding the 

Gm28K precursor and identified a putative signal peptide (SP) with 24 N-terminal 

amino acid residues. We expressed peptides from the Gm28K precursor as fusion 

proteins with enhanced green fluorescent protein (EGFP) in tobacco BY2 

suspension-cultured cells. BY2 cells transformed by an expression vector for 

SP-EGFP-Gm28-Gm23K (SP-EGFP-Gm28-Gm23K/BY2 cells)  and 

SP-Gm28-Gm23K-EGFP/BY2 cells produced the EGFP fused-Gm28K precursor, and 

the EGFP-fluorescence in their vacuoles were recorded. In the experiments with 

SP-EGFP/BY2 and SP-EGFP-Gm28K/BY2 cells, large amounts of the EGFP segments 

were secreted into the medium. On the other hand, the fluorescence of EGFP in 

SP-EGFP-Gm23K/BY2 cells was shown to accumulate only in the endoplasmic 

reticulum without secretion into the medium. These findings show that the SP signals 

the precursor to enter the lumen of the endoplasmic reticulum and that both the 

Gm28K and Gm23K components may be involved in the transport from the 

endoplasmic reticulum (ER) lumen via the Golgi to the vacuoles in a proprotein form. 

 

Footnote: The new nucleotide sequence of the 5’-nucleotide sequence region of cDNA 

encoding the Gly m Bd 28K precursor elucidated in the present study was registered 

under accession number AB046874.2 on DDBJ.  

 



INTRODUCTION 

    In Japan, the incidence of food allergy has been steadily increasing, and now 

constitutes a serious problem that urgently warrants new treatments. Eggs, dairy milk, 

rice, wheat and soybeans are all considered major allergenic foodstuffs in Japan. 

Soybean, of course, is a major source of protein and lipid, and is utilized as a 

supplement for the preparation of many food products. In an investigation in which the 

sera of soybean-sensitive patients were examined with an immunoblotting technique in 

order to identify the allergens in soybeans, Ogawa et al. (1) found that soybean has 16 

IgE-binding components. Among them, Gly m Bd 68K, Gly m Bd 30K and Gly m Bd 

28K (Gm28K) were found to be the major allergens (1). Gly m Bd 68K was identified 

as the -subunit of -conglycinin (2). Furthermore, the N-terminal amino acid residues 

of Gly m Bd 30K were found to be identical to those of the 34-kDa soybean seed 

storage vacuole protein (3), which is a papain superfamily protein that defends against 

Pseudomonas (4). 

In another study, Gm28K was purified from defatted soybean flakes and 

characterized (5). A cDNA that encodes Gm28K and encompasses 473 amino acid 

residues, including 220 amino acid residues of the allergen, was cloned (6). However, 

its N-terminal amino acid sequence has not been fully characterized because the cloned 

cDNA did not contain any start codon. By homology search of the amino acid 

sequences deduced from a comparison of the cDNA with the MP27/MP32 proteins in 

pumpkin seeds, Gm28K was suggested to be synthesized in the form of a preproprotein 

consisting of a signal peptide (SP), Gm28K, and an additional peptide with a molecular 

mass of 23 kDa (6). Furthermore, Hiemori et al. showed that the 23-kDa peptide 

(Gm23K) exists in the 7S globulin fraction of soybean proteins by immunoblotting 

with a monoclonal antibody specific for the peptide. Both Gm28K and Gm23K locate 

in the crystalloids of protein storage vacuoles (PSVs) in growing cotyledons (7). 



However, how the Gm28K and Gm23K are processed and transported to the vacuoles 

is unknown. Therefore, study of the production of recombinant Gm28K in plant cells 

would be useful for clarifying the characteristics of the Gm28K precursor. 

Tobacco BY2 suspension-cultured cells are a useful host for the production of 

recombinant proteins. We attempted to construct the sequence of cDNA encoding the 

Gm28K connecting to a signal peptide of the sweet potato sporamin. However, we 

failed to express Gm28K protein in tobacco BY2 suspension-cultured cells in our 

preliminary study. This failure may have been due to incorrect expression or folding of 

Gm28K in tobacco BY2 cells, because its N-terminal cDNA sequence including the 

region encoding for its signal peptide has not been fully characterized as mentioned 

above. This led us to clone the cDNA encoding the Gm28K precursor with the 

full-length signal peptide portion and to examine the transport of Gm28K and Gm23K 

to vacuoles in tobacco BY2 cells. 

The seed storage proteins in plants are known to be transported into PSVs by 

two routes. In one route, the proteins are transported to the PSVs via the endoplasmic 

reticulum (ER) and the Golgi apparatus. In the other, they are transported to the PSVs 

directly via the ER. The proteins transported to the PSVs depend on the 

vacuolar-sorting determinants (VSDs), sequence-specific VSDs (ssVSDs) (8, 9), 

C-terminal VSDs (ctVSDs) (10-13) and protein-structure-related VSDs (14). However, 

it is not clear how the Gm28K precursor is transported into the PSVs in soybean. 

In the present study, we investigated the role in vacuole transport of the newly 

identified SP and the region of Gm28K and Gm23K in tobacco BY2 cells. 

 

MATERIALS AND METHODS 

Preparation of total RNA and cDNA.    Total RNA was extracted from 

developing soybean seeds (Glycine max, L. cv. Wasesuzunari) using an RNeasy Plant 



Mini Kit (QIAGEN, North Rhine-Westphalia, Germany). 5' RNA-ligand-mediated rapid 

amplification of cDNA ends (5' RLM-RACE) was carried out using a First Choice 

RLM-RACE kit (Ambion, Austin, TX) according to the manufacturer’s instructions. 

Two RNA 5'-adaptor primers were supplied with the RLM-RACE kit and the following 

three gene-specific reverse primers were used to obtain the Gm28K precursor gene (6): 

5’-TCCTACCACCATGGCTTTTCA-3’ (outer primer), 

5’-GTCTTGAAAACCCTCGTGGA-3’ (first inner primer) and 

5’-GCCACTCCATGGCAAAGAACAA-3’ (second inner primer). These PCR products 

were purified and subsequently cloned into the pGEM®-T Easy vector (Promega, 

Madison, WI), and their sequences were elucidated using an ABI PRISMTM 3130 

Genetic Analyzer (Applied Biosystems, Foster City, CA). 

Plasmid construction.    First, the gene encoding the Nicotiana tabacum alcohol 

dehydrogenase 5'-untranslated region (NtADH 5'-UTR) was amplified using a plasmid 

containing the NtADH 5’-UTR region (15) that was constructed using a vector as the 

template and primers 1 and 2 (Table 1). The signal peptide of the Gm28K precursor 

was amplified using cDNA prepared by the 5’RLM-RACE method and primers 3 and 

4. The Gm28K- and Gm23K-coding regions were amplified using cDNA encoding the 

Gm28K precursor and primers 5 and 6. These amplified fragments were then used to 

construct XbaI-NtADH 5’-UTR-SP-Gm 28-Gm23K-SacI with primers 1 and 6. 

Each construct shown in Fig. 1 was prepared using PCR. 

SP-Gm28-Gm23K-EGFP and SP-EGFP-Gm28-Gm23K were constructed using the 

coding regions of the XbaI-NtADH 5’-UTR-signal peptide-Gm28-Gm23K-SacI, EGFP, 

and the following primer sets: primers 1, 9, 18, and 19 for SP-Gm28-Gm23K-EGFP; 

and primers 1, 6, 7, 8, 10, and 11 for SP-EGFP-Gm28-Gm23K. EGFP-Gm28-Gm23K 

was constructed using the coding region of SP-Gm28-Gm23K-EGFP and primers 1, 6, 

16, and 17. EGFP-Gm28K and enhanced green fluorescent protein (EGFP) were 



prepared using the coding region of EGFP-Gm28-Gm23K and the following primer 

sets: primers 1 and 12 for EGFP-Gm28K; and primers 1 and 9 for EGFP. 

SP-EGFP-Gm28K, SP-EGFP-Gm23K and SP-EGFP were constructed using the 

coding region of SP-EGFP-Gm28-Gm23K and the following primer sets: primers 1 

and 12 for SP-EGFP-28K; primers 1 and 6 for SP-EGFP-Gm23K; and primers 1 and 9 

for SP-EGFP. This resulted in, respectively, pBI121-SP-EGFP-Gm28-Gm23K, 

pBI121-EGFP-Gm28-Gm23K, pBI121-SP-Gm28-Gm23K-EGFP, 

pBI121-SP-EGFP-Gm28K, pBI121-EGFP-Gm28K, pBI121-SP-EGFP-Gm23K and 

pBI121-SP-EGFP. 

These PCR products were digested with XbaI and SacI, and were ligated to plant 

expression vector pBI121. The vectors were then introduced into the Agrobacterium 

tumefaciens strain LBA4404 by electroporation using a Bio-Rad Gene Pulser (Bio-Rad, 

Hercules, CA). 

Transformation of tobacco BY2 cells.    Agrobacterium carrying a plant 

expression vector were inoculated onto 2×YT medium containing antibiotics (50 mg/l 

kanamycin, 200 mg/l streptomycin, and 50 mg/l rifampicin) to transform tobacco BY2 

cells by the Agrobacterium-mediated transformation method (16). The transformants 

were selected on mLS medium (17, 18) containing antibiotics (250 mg/l carbenicillin 

sodium salt and 150 mg/l kanamycin). 

Fluorescent microscopy and laser-scanning confocal microscopy. 

The transformed BY2 cells were examined on an inverted Leica TCS-SPE confocal 

laser scanning microscope on a DMI 4000 fluorescent microscope, version 2.3 (Leica 

Microsystems, Mannheim, Germany). The laser was focused on cells through a 40×NA 

0.75 or 63×NA 1.4 oil objective. The 488-nm excitation wavelength and a 500-531-nm 

emission filter (Green) were used to detect EGFP. 
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To visualize the tonoplast in BY2 cells, 50 µM 

N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino) phenyl) hexatrienyl)-pyridinium 

dibromide (FM4-64; Molecular Probes Inc., Eugene, OR) was added to the cultured-cell 

medium. The cells were incubated at room temperature for 1 h and washed three times 

with fresh mLS medium. A 555-700-nm emission filter (red) was used to detect 

tonoplast stained with FM4-64 at an excitation wavelength of 532 nm (19). 

 To visualize the Golgi apparatus in BY2 cells, the cells were stained by 

incubation in medium containing 5 µM BODIPY TR ceramide (Molecular Probes Inc.) 

for 30 min on ice and 30 min at 37°C, then washed three times with fresh mLS medium. 

A 530-592-nm emission filter (red) was used to detect the Golgi apparatus stained with 

BODIPY TR ceramide at an excitation wavelength of 532 nm (20). 

To visualize the ER in BY2 cells, the cells were also stained for 5 min by incubation in 

a medium containing 1 μM ER-tracker blue-white DPX (Molecular Probes Inc.) 

transferred to fresh medium without the marker dyes (21). Differential Interference 

Contrast (DIC) and fluorescence images were taken with an AxioCam MRc digital 

camera controlled by Axio Vision software release 4.8 (Carl Zeiss, Oberkochen, 

Germany) on an upright microscope Axioskop 2 (Carl Zeiss) fitted for a 40×NA 0.75 

or 100×NA 1.30 oil objective. Fluorescence measurements were performed with Image 

J software (http://rsb.info.nih.gov/ij/index.html). 

Protein extraction.    Cells were suspended in 10 mM Tris-HCl, pH 7.5, 

containing Complete Protease Inhibitor Cocktail (Roche Diagnostics GmbH, 

Mannheim, Germany) and homogenized on ice using a Handy Sonic model UR-20P 

(Tomy Seiko Co., Ltd., Tokyo, Japan). The cell lysate was centrifuged at 12,000 ×g 

for 20 min at 4°C and its supernatant was used as the cell extract. 

 The medium was filtered through a filter paper to remove the cells, and then the 

filtrate was centrifuged at 5,000 ×g for 15 min at 4°C. The obtained supernatant was 



treated with four volumes of acetone for 1 h, followed by centrifugation. The 

precipitate was suspended in 5 mM Tris-HCl, pH 7.0, and then centrifuged at 12,000 

×g for 20 min to obtain a solution containing the secreted proteins. The protein 

concentration in the supernatant was determined using a Bio-Rad Bradford assay 

(Bio-Rad). 

Immunoprecipitation of expressed proteins.    The cell extracts were centrifuged 

at 12,000 ×g for 20 min at 4°C. The proteins in the supernatants were 

immunoprecipitated with a rabbit anti-GFP polyclonal antibody (Medical & 

Biological Laboratories Co., Nagoya, Japan), and protein G SepharoseTM 4 Fast Flow 

(GE Healthcare Bio-Science AB, Uppsala, Sweden). The immunoprecipitates linked 

with protein G Sepharose were washed 5 times with cold 20 mM sodium phosphate 

buffer, pH 7.0, resuspended in Laemmli’s sample buffer, and subjected to sodium 

dodecyl sulfate-poly acrylamide gel electrophoresis (SDS-PAGE) and Western 

blotting. 

SDS-PAGE and Western blotting.    Total protein extracts from 

suspension-cultured tobacco BY2 cells and medium were subjected to SDS-PAGE 

according to the method of Laemmli (23) and transferred to an Immobilon-P 

polyvinylidene fluoride membrane (Millipore Co., Bedford, MA) at 1 mA/cm2 for 1 h 

in a semi-dry transfer system (transfer buffer: 25 mM Tris, 190 mM glycine, 20% 

methanol). The membrane was blocked with 3% skim milk in PBS containing 0.05% 

Tween 20 (PBS-T) at room temperature for 1 h. After washing with PBS-T, the 

membranes were incubated with the primary antibodies against either EGFP (anti-GFP 

polyclonal antibody) (Medical & Biological Laboratories Co.) or Gm23K (monoclonal 

antibody 1G4) (7) for 1 h at room temperature. After washing with PBS-T, the 

membranes were incubated with the secondary antibody horseradish peroxidase 

(HRP)-conjugated anti-rabbit IgG (GE Healthcare UK, Ltd., Buckinghamshire, UK) or 



HRP-conjugated anti-mouse IgG (GE Healthcare UK) for 1 h at room temperature 

followed by visualization using Luminata Forte Western HRP substrate (Millipore Co.) 

according to the manufacturer's instructions. For detection of the proteins 

immunoprecipitated with protein G Sepharose, SDS-PAGE and Western blotting were 

performed in the same manner as described for the experiments with the total proteins, 

except that anti-GFP monoclonal antibody (mAb) (Medical & Biological Laboratories 

Co.) was used as a primary antibody and HRP-conjugated anti-mouse IgG was used as 

a secondary antibody. 

 

RESULTS 

Determination of the full-length sequence of the 5’-nucleotide sequence region of 

cDNA encoding the Gm28K precursor.     To determine the cDNA sequence 

encoding the 5’-untranslated region and the Gm28K precursor, 5’RLM-RACE was 

performed using the total RNA derived from developing soybean cotyledons. 

Consequently, the new nucleotide sequence identified in the present study was revealed 

to consist of a nucleotide sequence corresponding to 24 amino acids and a 5’ 

untranslated nucleotide sequence with 17 nucleotides, as shown in Fig. 2. The Gm28K 

would be produced as a precursor with a signal peptide of 24 amino acid residues 

including MGN. Furthermore, a stop codon, TAA, was located 45 base-area upstream 

of the methionine residue, and there was no methionine within this 45 bases in the 

genomic sequence from soybean. 

Functional analysis of the putative SP of the Gm28K precursor in tobacco BY2 

suspension-cultured cells.    We next examined the function of the putative 

N-terminal SP of the Gm28K precursor. EGFP was used as a reporter protein and was 

fused to SP, Gm28K, Gm23K, and Gm28-Gm23K (Fig. 1). Each construct was stably 
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expressed in tobacco BY2 suspension-cultured cells and the detailed localization was 

imaged by a fluorescent microscope. 

When the EGFP gene was introduced into tobacco BY2 suspension-cultured cells, 

the EGFP was localized in the cytoplasm and the nucleus (Fig. 3A). On the other hand, 

in the case of the 4-d-old SP-EGFP/BY2 cells, EGFP was mainly localized in the ER 

(Fig. 3B). However, in the 8-d-old SP-EGFP/BY2 cells, the EGFP was partially 

transported to the vacuoles, although most of the EGFP fluorescence was still found in 

the ER (Fig. 3B).  Figure 3C also shows that EGFP was predominantly localized in 

both the ER and vacuoles of 8-d-old SP-EGFP/BY2 cells whose tonoplasts were 

stained with FM4-64. In a Western blot of total soluble proteins in 4-d-old 

SP-EGFP/BY2 cells, the anti-EGFP antibody-positive band was detected at the same 

position (27 kDa) as that obtained from 4-d-old EGFP/BY2 cells (Fig. 4A). The 

protein with a molecular mass of 27 kDa was EGFP, and thus these findings indicate 

that the co-translational cleavage of the SP of SP-EGFP results in EGFP. No band was 

detected in the Western blot obtained with empty vector-transformed BY2 cells and the 

7S globulin fraction containing Gm28K and Gm23K (Fig. 4A). However, the Western 

blot of the culture medium of 10-d-old SP-EGFP/BY2 cells showed that a large 

amount of EGFP (27 kDa) was secreted into the medium, although the medium from 

4-d-old SP-EGFP/BY2 cells did not contain any EGFP (data not shown). These data 

suggest that the SP region of the Gm28K precursor functions in intracellular trafficking 

and secretion of EGFP. 

    Effect of the Gm28K precursor on transport of EGFP to the vacuoles in tobacco 

BY2 suspension-cultured cells.       We expressed a Gm28-Gm23K peptide fused 

to SP-EGFP (SP-EGFP-Gm28-Gm23K) to investigate the behaviors of the Gm28K 

and Gm23K regions in tobacco BY2 cells. Figure 5A shows the localization patterns of 

EGFP in SP-EGFP-Gm28-Gm23K/BY2 cells over the indicated days after subculture. 
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In the SP-EGFP-Gm28-Gm23K/BY2 cells, the produced protein was mainly found in 

the ER from the 1st to the 3rd day but was not observed in vacuoles. In contrast, a 

remarkable accumulation of EGFP-Gm28-Gm23K was observed in vacuoles of 

4-d-old SP-EGFP-Gm28-Gm23K/BY2 cells, and the main localization site of 

EGFP-Gm28-Gm23K shifted from the ER to the ER/vacuoles after 1 wk. The vacuolar 

localization of EGFP-Gm28-Gm23K in SP-EGFP-Gm28-Gm23K/BY2 cells was 

confirmed by visualization of the vacuole membrane with FM4-64 (Fig. 5B). The 

localization pattern of EGFP in EGFP-Gm28-Gm23K/BY2 cells was similar to that in 

EGFP/BY2 cells (Fig. 5C). Western blotting with an anti-GFP antibody and the total 

soluble proteins from 4-d-old SP-EGFP-Gm28-Gm23K/BY2 cells showed that a 

27-kDa protein was detected but that the EGFP-Gm28-Gm23K with a molecular mass 

of 78 kDa could not be detected (Fig. 4A). Therefore, the immunoprecipitation with an 

anti-GFP antibody was applied to concentrate EGFP-Gm28-Gm23K in the cells. A 

protein band with a molecular mass of 78 kDa corresponding to that of 

EGFP-Gm28-Gm23K was observed in the Western blot with the immunoprecipitated 

sample (Fig. 6A). The putative EGFP-Gm28-Gm23K was also detected with the 

anti-Gm23K antibody prepared in our previous study (7) (Fig. 6B). On the other hand, 

Gm23K was also detected in the cell extracts with anti-Gm23K antibody (Fig. 6C). 

This finding suggests that the EGFP-Gm28-Gm23K was proteolytically cleaved 

between Gm28K and Gm23K in SP-EGFP-Gm28-Gm23K/BY2 cells. No 

EGFP-Gm28-Gm23K was found in the culture medium (Fig. 4B).  

Further, in order to investigate the influence of EGFP bound to the N-terminus of 

Gm28K on the transport of the precursor, we tried to express SP-Gm28-Gm23K-EGFP, 

in which EGFP was fused to the C-terminal of Gm23K. The fluorescence of EGFP was 

accumulated in the vacuoles of SP-Gm28-Gm23K-EGFP/BY2 cells, which was similar 

to the localization observed with 10-d-old SP-EGFP-Gm28-Gm23K/BY2 cells (data 



not shown). In SP-Gm28-Gm23K-EGFP/BY2 cells, Western blot analysis using an 

anti-EGFP and an anti-Gm23K antibody showed that EGFP was not secreted into the 

medium. These results suggest that EGFP is not involved in vacuolar transport of the 

precursor.  

The above observations clearly demonstrate that both EGFP-Gm28-Gm23K and 

Gm28-Gm23K-EGFP are transported to the vacuoles.  

Effect of the Gm28K precursor sequence on vacuolar transport in tobacco BY2 

suspension-cultured cells.            Next we attempted to prepare 

SP-EGFP-Gm28K/BY2 cells and SP-EGFP-Gm23K/BY2 cells to examine the 

contribution of the Gm28K or Gm23K region to vacuolar sorting of the Gm28K 

precursor in tobacco BY2 cells.  The fluorescence of EGFP was very weak in the 

vacuoles of the SP-EGFP-Gm28K/BY2 cells as compared to that in the vacuoles of 

SP-EGFP-Gm28-Gm23K/BY2 cells (Fig. 5A, Fig. 7). A Western blot of the total 

soluble proteins from 4-d-old SP-EGFP-Gm28K/BY2 cells revealed the presence of 

EGFP-Gm28K (55 kDa) (Fig. 4A). However, the SP-EGFP-Gm28K/BY2 cells 

secreted a large amount of EGFP into the 10-d-old culture medium, which was similar 

to the result for SP-EGFP/BY2 cells (Fig. 4B).  

An NPIRL motif derived from sweet potato sporamin has been shown to function as 

a sequence-specific VSD, and its detailed mechanisms have been analyzed in tobacco 

BY2 cells (23). The Gm28K precursor has an NPIRL-like motif, NPISD, around 

residue 330 of Gm23K. Therefore, we examined the function of Gm23K as a VSD. We 

expressed an SP-EGFP-Gm23K without Gm28K in tobacco BY2 cells. The strong and 

stable fluorescence of EGFP was localized in the ER lumen of the 

SP-EGFP-Gm23K/BY2, but not in the vacuoles, Golgi, endosomes or cell wall (Fig. 8). 

This distribution remained constant over the 10-d culture (data not shown). A Western 

blot of total soluble proteins from the 4-d-old SP-EGFP-Gm23K/BY2 cells 
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demonstrates that EGFP-Gm23K (50 kDa) was detected with anti-GFP antibody and 

anti-Gm23K antibody (Fig. 4A). Moreover, in a Western blot with the anti-Gm23K 

antibody, a degraded protein derived from the EGFP-Gm23K region with a molecular 

mass of approximately 30 kDa was observed (Fig. 6B). The EGFP was not secreted 

into the medium of SP-EGFP-Gm23K/BY2 cells (Fig. 4B).  

These findings show that EGFP cannot be transported from the ER to the Golgi 

under the conditions examined here. Thus, it is suggested that the Gm28K-Gm23K 

region of the Gm28K precursor plays an important role in vacuolar-sorting in tobacco 

BY2 cells. 

 

DISCUSSION 

Previous reports have suggested that the precursor Gm28K is synthesized as a 

preproprotein which would be composed of an SP, and Gm28K and Gm23K (7), the 

latter two of which are plant-specific N-glycosylated proteins in soybean (7, 24). Both 

proteins are localized in the protein bodies derived from PSVs (7). This suggests that 

Gm28K and Gm23K are sorted to the vacuoles through the ER and the Golgi. However, 

the N-terminal sequence of the Gm28K precursor has not been fully characterized. In 

the present study, we demonstrated that the Gm28K precursor has an SP of 24 amino 

acids. A typical SP for transport into the ER lumen has positively charged amino acids 

followed by 7-15 hydrophobic amino acids and polar amino acids (25). The SP from 

the Gm28K precursor also has similar characteristics. This suggests that the peptide of 

24 amino acids functions as a signal peptide in soybean to transport the Gm28K 

precursor to the ER lumen.  

What is the function of the SP of the Gm28K precursor with regard to its transport to 

vacuoles? To address this question, we expressed SP-EGFP-fused proteins in tobacco 

BY2 suspension-cultured cells. The main location site of EGFP in the SP-EGFP/BY2 
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cells was the ER. Moreover, Western blotting data showed that EGFP is formed by 

cleavage from SP-EGFP after removal of the SP (Fig. 4A), and that a large amount of 

EGFP is secreted into the medium of 10-d-cultured cells (Fig. 4B). These findings 

suggest that the SP acts as a signal peptide for the translocation of the Gm28K 

precursor into the ER lumen, and this translocation results in the default secretory 

pathway. In contrast, SP-EGFP-Gm28-Gm23K/BY2 cells gave a steady-state 

fluorescence in the vacuoles (Fig. 5A) and no secretion of the proteins, including EGFP, 

into the 10-d culture medium (Fig. 4B). On the other hand, the fluorescence of EGFP 

in the EGFP-Gm28-Gm23K/BY2 cells was observed in the cytoplasm and nucleus due 

to the absence of SP (Fig. 5C). These results suggest that the VSDs exist in the 

Gm28-Gm23K region.  

The SP-EGFP-Gm28K/BY2 cells and SP-EGFP-Gm23K/BY2 cells were 

expressed to study the role of the Gm28K or Gm23K segment of the precursor in its 

transport to the vacuole. The fluorescence of EGFP in SP-EGFP-Gm28K/BY2 cells 

showed a significant accumulation in the ER and a large amount of EGFP was secreted 

into the culture medium (Figs. 4 and 7). The above observations indicate that the 

Gm28K itself is not sufficient for transport of the Gm28K precursor to the vacuoles.  

The C-terminal amino acid sequence often participates in an important signal for 

protein trafficking, such as the ER retention signal (26, 27), membrane association via 

lipidation signal (28) or vacuolar sorting signal (10-13). However, the Gm28K has 

neither specific signal nor a similar vacuolar-sorting motif at its C-terminus. It was 

reported that a ctVSD exhibited only weak transport ability when GFP was fused to its 

C-terminal region in plant cells (10, 29). This report suggests that the Gm28K 

precursor might not have a ctVSD, because SP-Gm28-Gm23K-EGFP/BY2 cells can 

transport Gm28-Gm23K-EGFP to the vacuoles. An amino acid motif as a 

vacuolar-sorting signal was found on the vacuole-resident protein sporamin in sweet 



potatoes. This motif consists of 5 amino acids, NPIRL, and even if the arginine and 

leucine residues are replaced by any amino acid residue and any high hydrophobic 

amino acid residue, respectively, its vacuolar-sorting function is not lost in tobacco 

BY2 cells (23). The Gm28K precursor contains an NPIRL-like motif, NPISD, on the 

Gm23K segment. If the NPISD acts as a vacuolar-sorting signal, EGFP-Gm23K should 

be transported to the vacuoles of the SP-EGFP-Gm23K/BY2 cells. However, confocal 

images and a Western blotting analysis revealed an accumulation of EGFP-Gm23K in 

the ER and no secretion into the culture medium. In SP-EGFP/BY2 cells and 

SP-EGFP-Gm28K/BY2 cells, a large amount of EGFP was secreted into the medium. 

The alteration of the SP-EGFP-Gm23K structure by fusion of Gm23K may cause its 

incorrect folding and accumulation in the ER. The detection of the 30-kDa protein in 

Fig. 6C shows that an unpredicted cleavage of SP-EGFP-Gm23K occurred on the 

Gm23K part in the ER. It was suggested that the ER-accumulation of EGFP-Gm23K 

inhibited its transport to the Golgi followed by trafficking to the vacuoles or secretion 

to the extracellular compartment. The seed storage proteins in the 7S globulin, 

common bean phaseolin and jack bean canavalin form their multimers (30, 31). For 

example, when the common bean phaseolin was expressed as a monomer, it bound to 

the binding protein (a member of the heat-shock 70 family) and was degraded by 

ER-associated degradation (ERAD). On the other hand, it was shown that the 

wild-type formed trimers in the ER to transport them to the vacuole (32). Some newly 

synthesized proteins that cannot fold correctly are degraded by ERAD (33, 34). 

Gm28K and Gm23K may be required for the multimerization of the Gm28K precursor 

in the ER, and then Gm28K and Gm23K may also be transported to PSVs by VSDs 

through the Golgi apparatus.  

In the present study, we revealed that a previously identified 24-amino-acid 

segment on the N-terminus of the Gm28K precursor functions as a signal peptide to 



enter the ER lumen on its vacuolar-sorting pathway. EGFP is secreted into the medium 

of SP-EGFP-Gm28K/BY2 cells, suggesting that Gm23K is required for transport of 

the Gm28K precursor to the vacuoles. Although, in the SP-EGFP-Gm23K/BY2 cells, 

the fluorescence was shown to accumulate in the ER but not in the vacuoles, some 

types of VSDs on the Gm23K segment may be recognized by the vacuolar sorting 

receptor for VSDs in the Golgi apparatus after leaving the ER. Our findings suggest 

that the Gm28K and Gm23K segments are transported to the soybean vacuoles from 

the ER lumen via the Golgi in the Gm28-23K proprotein form. 
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FIGURE LEGENDS 

Fig. 1. Schematic models of proteins expressed in tobacco BY2 suspension-cultured 

cells: EGFP, Gm28K and/or 23K with or without signal peptide. Each construct was 

controlled under the cauliflower mosaic virus 35S promoter, NtADH 5’UTR, and the 

nopaline synthase terminator in plant expression vectors. 

Fig. 2. Identified 5’-nucleotide sequence encoding the Gm28K precursor and its 

deduced amino acid sequence. Underlining and an arrowhead show a predicted signal 

peptide and the N-terminal site of matured Gm28K, respectively. 

Fig. 3. Localization of EGFP in EGFP/BY2 cells and SP-EGFP/BY2 cells. A: 

Confocal images of 8-day-old EGFP/BY2 cells stably expressing EGFP. B: Confocal 

images of 4-day-old and 8-day-old SP-EGFP/BY2 cells stably expressing EGFP. C: 

Confocal images of 8-day-old SP-EGFP/BY2 cells stained with FM4-64 stably 

expressing EGFP. Bars represent a length of 10 m.  

Fig. 4. Western blotting analysis of recombinant proteins in the cells and the culture 

media vectors using anti-GFP antibody. A: Four-day-old cell extracts from the 

indicated transformants. B: Ten-day-culture media from the indicated transformants. 

Mock: BY2 cells transformed with the pBI121-empty vector; 7S-globulin: 7S-globulin 



fraction from soybean seeds; Cell extracts: Cell extracts of EGFP/BY2 cells in panel 

A; Ce: Blot of the proteins in the cell extracts; Me: Blot of the proteins in the media. 

Fig. 5. Localization of EGFP-Gm28-Gm23K with or without SP in BY2 cells. A: The 

time-dependent accumulation of EGFP-Gm28-Gm23K in 

SP-EGFP-Gm28-Gm23K/BY2 cells cultured for the indicated number of days. B: 

Colocalization image of SP-EGFP-Gm28-Gm23K/BY2 cells with FM4-64 in 

8-day-old cells. C: EGFP-Gm28-Gm23K/BY2 cells. Bars represent a length of 10 m.  

Fig. 6. Western blotting of recombinant proteins and their derivatives in the indicated 

transformants. A: Immunoprecipitates using anti-GFP antibody. B: Immunoprecipitates 

using anti-Gm23K antibody. C: Cell extracts from the indicated cell lines stained with 

anti-Gm23K antibody. 

Fig. 7. Localization of EGFP-Gm28K with or without SP in BY2 cells. A: The 

time-dependent accumulation of EGFP-Gm28K in SP-EGFP-Gm28K/BY2 cells 

cultured for the indicated number of days. B: Colocalization image of 

SP-EGFP-Gm28K/BY2 cells with FM4-64 in 8-day-old cells. C: EGFP-Gm28K/BY2 

cells. Bars represent a length of 10 m.  

Fig. 8. Fluorescence images of SP-EGFP-Gm23K cells with an ER tracker to stain the 

ER (A), FM4-64 to stain the tonoplast (B), and BODIPY to stain the Golgi (C) in 

8-day-old SP-EGFP-Gm23K/BY2 cells. Bars represent a length of 10 m. 



5’-TTATCTAGAGTCTATTTAACTCAGTATTCA-3’

5’-AGTTTTGTTTCCCATTTATTTTTCTTGATT-3’

5’-AATCAAGAAAAATAAATGGGAAACAAAACT-3’

5’-ATGGAAGGCCATTGTTGTTGTGGCCACTCC-3’

5’-ACAACAACAATGGCCTTCCATGATGATGAG-3’

5’-TAAGAGCTCAAAAAACATCCATAACCACAT-3’

5’-GCCCTTGCTCACCATGGCCATTGTTGTTGT-3’

5’-ACAACAACAATGGCCATGGTGAGCAAGGGC-3’

5’-TAAGAGCTCTTACTTGTACAGCTCGTCCAT-3’

5’-CTCATCATCATGGAACTTGTACAGCTCGTC-3’

5’-GACGAGCTGTACAAGTTCCATGATGATGAG-3’

5’-TAAGAGCTCAGTTCTCTATCTTCTCATT-3’

5’-ACCAGCAGTGTCTTTCTTGTACAGCTCGTC-3’

5’-GACGAGCTGTACAAGAAAGACACTGCTGGT-3’

5’-TAAGAGCTCTTAAAAAACATCCATAACCAC-3’

5’-GCCCTTGCTCACCATTTATTTTTCTTGATT-3’

5’-AATCAAGAAAAATAAATGGTGAGCAAGGGC-3’

5’-GTTATGGATGTTTTTATGGTGAGCAAGGGC-3’

5’-GCCCTTGCTCACCATAAAAACATCCATAAC-3’

5’-TAATCTAGAATGATTCACACCAACCTGAAG-3’

5’-CTCGGTGTTGTCCATCCACACACAGATGAC-3’

5’-GTCATCTGTGTGTGGATGGACAACACCGAG-3’

5’-TAAGAGCTCCTACTGGGAGCCGGAGTGGCG-3’
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Primer Sequence*

TABLE 1. Sequences of oligonucleotides used as PCR primers in the present study

*The oliconucleotides used as PCR primers are listed in 5’-3’ orientation.

*Underlines mean the restriction sites of XbaI and SacI.
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