
Abstract In maturing seed cells, proteins that accu-

mulate in the protein storage vacuoles (PSVs) are

synthesized on the endoplasmic reticulum (ER) and

transported by vesicles to the PSVs. Vacuolar sorting

determinants (VSDs) which are usually amino acid

sequences of short or moderate length direct the pro-

teins to this pathway. VSDs identified so far are clas-

sified into two types: sequence specific VSDs (ssVSDs)

and C-terminal VSDs (ctVSDs). We previously dem-

onstrated that VSDs of a¢ and b subunits of b-con-

glycinin, one of major storage proteins of soybean

(Glycine max), reside in the C-terminal ten amino

acids. Here we show that both types of VSDs coexist

within this region of the a¢ subunit. Although ctVSDs

can function only at the very C-termini of proteins, the

C-terminal ten amino acids of a¢ subunit directed green

fluorescent protein (GFP) to the PSVs even when they

were placed at the N-terminus of GFP, indicating that

an ssVSD resides in the sequence. By mutation anal-

ysis, it was found that the core sequence of the ssVSD

is Ser-Ile-Leu (fifth to seventh residues counted from

the C-terminus) which is conserved in the a and b su-

bunits and some vicilin-like proteins. On the other

hand, the sequence composed of the C-terminal three

amino acids (AFY) directed GFP to the PSVs when it

was placed at the C-terminus of GFP, though the

function as a VSD was disrupted at the N-terminus of

GFP, indicating that the AFY sequence is a ctVSD.
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Introduction

In plant cells there are at least two types of vacuoles:

the lytic vacuoles (LV) and protein storage vacuoles

(PSV). The LVs carrying the c-tonoplast-intrinsic

protein (TIP) in their tonoplast contain proteases

active at low pH (Jauh et al. 1999). The PSVs in

seed cells carrying both a- and d-TIPs in their

tonoplast contain storage proteins, defense proteins,

proteases and the other enzymes (Herman and Lar-

kins 1999; Jauh et al. 1999; Jiang et al. 2001). In pea

cotyledon cells, the LVs disappear during develop-

ment and become replaced by the PSVs (Hoh et al.

1995). Similarly, in soybean, during development,

preexisting large central vacuoles (maybe the LVs)

are replaced by numerous rounded PSVs whose

tonoplasts contain a-TIP (Melroy and Herman 1991).

Proteins destined for the LVs are transported by

clathrin-coated vesicles from the Golgi apparatus,

while proteins destined for the PSVs are transported

by dense vesicles (Vitale and Raikhel 1999). It has

been suggested that sorting of proteins to the

respective vesicles occurs in the Golgi apparatus

(Hillmer et al. 2001; Hinz et al. 1999; Hohl et al.

1996). In seeds of some plants such as soybean and

pumpkin, storage proteins are also transported from

the ER to the PSVs by ER-derived protein bodies or

precursor-accumulating (PAC) vesicles bypassing the

Golgi apparatus (Hara-Nishimura et al. 1998; Kinney

et al. 2001; Mori et al. 2004).
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A specific vacuolar sorting receptor (VSR) working

in the pathway to the LVs has been found in pea

(Kirsch et al. 1994; Paris et al. 1997). Two receptors

that work in the pathway to the PSVs during seed

maturation have been also identified (Shimada et al.

1997, 2003). One is PV72 probably working for

recruiting storage proteins from the Golgi apparatus to

PAC vesicles in pumpkin (Shimada et al. 1997, 2002).

Another is VSR1 of Arabidopsis thaliana (AtVSR1),

also referred to as AtELP. It was shown in planta that

AtVSR1 functions to deliver storage proteins to the

PSVs (Shimada et al. 2003). All of them are homolo-

gous proteins. However, it is still unclear if their ligand

recognition-mechanisms are similar or not.

Secretory proteins destined to plant vacuoles must

carry determinants for vacuolar sorting, termed vacu-

olar sorting determinants (VSDs). VSDs identified so

far are classified into two types: sequence specific

VSDs (ssVSDs) and C-terminal VSDs (ctVSDs).

ssVSDs contain either essential Ile or Leu, and can be

located in N-or C-terminal propeptides as well as

within mature proteins. ctVSDs are present in C-ter-

minal regions of polypeptides and often rich in

hydrophobic amino acids, however, their length and

sequences are very variable and neither Ile nor Leu is

essential (Matsuoka and Neuhaus 1999; Neuhaus and

Rogers 1998). VSDs of various PSV proteins such as

barley lectin (Bednarek et al. 1990), common bean

phaseolin (Frigerio et al. 1998a), Brazil nut 2S albumin

(Saalbach et al. 1996), castor bean ricin (Frigerio et al.

1998b) and castor bean 2S albumin (Brown et al. 2003)

have been reported. As for ricin, the VSD (LLIRP) is

considered an ssVSD, since it is located in the internal

propeptide, and the Ile, which is conserved in the

internal propeptide regions of proricin and proricin-

related proteins, is very important for vacuolar sorting

and cannot be replaced by glycine (Frigerio et al.

1998b, 2001). In addition, the VSD of castor bean 2S

albumin (STGEEVLRMPGDEN) is also considered

an ssVSD, since it is located in the internal propeptide

and Leu in the sequence cannot be replaced by glycine

(Brown et al. 2003). On the other hand, the VSD of

barley lectin is considered a ctVSD, since it functions

only at the very C-terminus (Dombrowski et al. 1993).

The VSD of phaseolin is also considered a ctVSD,

since this VSD contains neither Ile nor Leu (Frigerio

et al. 1998a).

Soybean b-conglycinin (7S globulin), one of the

major storage proteins stored in the PSVs of seeds, is a

trimeric protein composed of a (~67 kDa), a¢
(~71 kDa) and b (~50 kDa) subunits (referred to as a,

a¢ and b, respectively). These are synthesized on the

ER, assembled into trimers in the ER, and transported

to the PSVs by the dense vesicles (Mori et al. 2004).

We previously showed that the VSDs of a¢ and b exist

in the C-terminal ten amino acids (Nishizawa et al.

2003, 2004). In this study, we examined the character-

istics of these VSDs by transient expression assay using

soybean-maturing seeds, and found that the C-terminal

region of a¢ contains both an ssVSD and a ctVSD.

Materials and methods

Plant materials

Cotyledons at mid- to late-maturation stage of soybean

(cv. Shirotsurunoko) were used in all experiments.

Soybean was grown at 25�C under white fluorescent

light with a day/night rhythm of 16 h light and 8 h dark.

Plasmid construction

Construction of plasmids for signal peptide-GFP or

spGFP (pBSspGFP) and signal peptide-C-terminally

blocked GFP or spcbGFP (pBSspcbGFP, previously

denoted as pBSspmGFP) was previously reported

(Nishizawa et al. 2003).

To construct the plasmid for cbGFP-a¢CT6

(a¢UTR), we performed PCR using pBSGFP-CT24

(Nishizawa et al. 2003), which is composed of pBlue-

script and the DNA insert, consisting of the promoter

and the signal peptide-coding region of a¢, coding re-

gion of GFP, the sequence coding the C-terminal 24

amino acids of a¢, the stop codon and the 3¢ untrans-

lated region of a¢, as a template and the following

primers: primer 1 (5¢-TCCTCCTCCTCCCTTGTAC-

AGCTCGTCCAT-3¢, boldface indicates codons for

glycines introduced at the C-terminus of GFP) and 2

(5¢-ATTTTGAGGGCTTTTTACTGAATAAGTATG-

TAG-3¢, italics indicates the stop codon). The

amplified fragment was self-ligated to construct

pBScbGFP-a¢CT6 (a¢UTR). To exchange the 3¢
untranslated region of a¢ behind the stop codon with

the nopaline synthase (nos) terminator, a DNA frag-

ment from a BstYI site (+572 from the initiation

codon) in the GFP sequence to the stop codon was

amplified using the following primers: primer 3 (5¢-
GGTGAACTTCAAGATCCGCCAC-3¢, underline

indicates a BstYI site) and primer 4 (5¢-ATAGTT-

TAGCGGCCGCTCAGTAAAAAGCCCT-3¢; under-

line indicates an introduced NotI site, and italics

indicate the stop codon). Since several BstYI sites exist

in the region other than multi-cloning site of pBlue-

script, a fragment from a SacI site which resides

upstream of the promoter to the BstYI site in the GFP

112 Plant Mol Biol (2006) 62:111–125

123



sequence was prepared by restriction digestion of a

mutated pBSGFP-CT24 in which BamHI and NotI

sites upstream of the promoter had been previously

eliminated. Then this fragment and the fragment

amplified by PCR were inserted together into

pBSmGFP-CT24 (Nishizawa et al. 2003), which con-

tains a SacI site upstream of the promoter and a NotI

site between the stop codon and the nos terminator,

with SacI/NotI sites to construct pBScbGFP-a¢CT6.

The SacI-BstYI fragment was used afterwards in the

same way for the same reason. This process was fol-

lowed in the construction of other plasmids and de-

scribed as follows: fragments amplified by PCR were

inserted into appropriate plasmids (pBSmGFP-CT24

in this case) with BstYI (in GFP sequence)/appropriate

restriction sites (in this case NotI) to construct appro-

priate plasmids (in this case pBScbGFP-a¢CT6).

To construct pBScbGFP-PLSS and pBScbGFP-

a¢CT10-2G, we used pBSmGFP-CT10 (Nishizawa et al.

2003) as a template and the following primers: primer 3

and primer 5 (5¢-ATAGTTTAGCGGCCGCTT-

ATGAAGACAAAGGTCCTCC; underline indicates

an introduced NotI site, and italics indicate the stop

codon) for the former or primer 6 (5¢-GCAG-

CCGGGCGGCCGCTTATCCTCCGTAAAAAGCC-

CTCAAAAT-3¢; underline indicates a NotI site

introduced behind the stop codon indicated in italics, bold-

face indicates codons for introduced glycines) for the latter.

The amplified fragments were inserted into pBSmGFP-

CT24 (Nishizawa et al. 2003) with BstYI/NotI sites.

To construct the plasmids for cbGFP-a¢CT10-6G, we

used pBScbGFP-a¢CT10-2G as a template and the

following primers: primer 3 and primer 7 (5¢-
GCAGCCGGGCGGCCGCTTATCCTCCTCCTCC-
TCCTCCGTAAAAAGCCCT-3¢; underline indicates

a NotI site introduced behind the stop codon indicated

in italics, boldface indicates codons for newly intro-

duced glycines). The amplified fragments were inserted

into pBSmGFP-CT24 (Nishizawa et al. 2003) with

BstYI/NotI sites to construct pBScbGFP-a¢CT10-6G.

To construct the plasmid for cbGFP-a¢CT6-2G, we

used pBScbGFP-a¢CT6 as a template and the primers 3

and 6. The amplified fragments were inserted into

pBSmGFP-CT24 (Nishizawa et al. 2003) with BstYI/

NotI sites to construct pBScbGFP-a¢CT6-2G.

To construct the plasmid for cbGFP-a¢CT6-6G, we

used pBScbGFP-a¢CT6-2G as a template and the

primers 3 and 7. The amplified fragments were inserted

into pBSmGFP-CT24 (Nishizawa et al. 2003) with

BstYI/NotI sites to construct pBScbGFP-a¢CT6-6G.

To construct the plasmid for cbGFP-PLSS-2G, we

used pBScbGFP-PLSS as a template and the following

primers: primer 3 and primer 8 (5¢-GCAGCCG-

GGCGGCCGCTTATCCTCCTGAAGACAAAGG-3¢;
underline indicates a NotI site introduced behind the stop

codon indicated in italics, boldface indicates codons for

introduced glycines). The amplified fragments were in-

serted into pBSmGFP-CT24 (Nishizawa et al. 2003) with

BstYI/NotI sites to construct pBScbGFP-PLSS-2G.

To construct the plasmid for cbGFP-PLSS-6G, we

used pBScbGFP-PLSS-2G as a template and the fol-

lowing primers: primer 3 and primer 9 (5¢-
GCAGCCGGGCGGCCGCTTATCCTCCTCCTCC-

TCCTCCTGAAGACAAAGG-3¢; underline indicates

a NotI site introduced behind the stop codon indicated

in italics, boldface indicates codons for newly intro-

duced glycines). The amplified fragments were inserted

into pBSmGFP-CT24 (Nishizawa et al. 2003) with

BstYI/NotI sites to construct pBScbGFP-PLSS-6G.

To construct the plasmids for cbGFP-a¢CT10D1-6G,

cbGFP-a¢CT10D2-6G, cbGFP-a¢CT10D3-6G, cbGFP-

a¢CT10D4-6G and cbGFP-a¢CT10D5-6G, the DNA

fragment between the BstYI site in the GFP coding

region and a KpnI site downstream of the nos termi-

nator in the vector region of pBScbGFP-a¢CT10-6G

was replaced by the following fragments. We prepared

a DNA fragment containing a sequence coding six

glycines, the stop codon, the nos terminator and the

vector region up to the KpnI site by PCR using

pBScbGFP-a¢CT10-6G as a template and the following

primers: primer 10 (5¢-GGAGGAGGAGGAGGAG-
GATAAGCGGCCGCCCGGCT-3¢; boldface indi-

cates the sequence coding six glycines and italics

indicate the stop codon) and T7 promoter primer. We

also prepared a DNA fragment from the BstYI site in

the GFP coding region to the region coding the trun-

cated C-terminus of the a¢ by PCR using pBScbGFP-

a¢CT10-6G as a template and the following primers:

primer 3 and each of primer 11 (5¢-AAAAG-

CCCTCAAAATTGAAGACAA-3¢) for cbGFP-

a¢CT10D1-6G, primer 12 (5¢-AGCCCTCAAAATTG-

AAGACAAAGG-3¢) for cbGFP-a¢CT10D2-6G,

primer 13 (5¢-CCTCAAAATTGAAGACAAAGG-

3¢) for cbGFP-a¢CT10D3-6G, primer 14 (5¢-CAAAA-

TTGAAGACAAAGGTCC-3¢) for cbGFP-a¢CT10D4-

6G or primer 15 (5¢-AATTGAAGACAAAGGTCC-

TCC-3¢) for cbGFP-a¢CT10D5-6G. Both fragments

were inserted together into pBScbGFP-a¢CT10-6G

with BstYI/KpnI sites.

To construct the plasmids for cbGFP-P612G-6G,

cbGFP-L613G-6G, cbGFP-S614G-6G, cbGFP-S615G-

6G, cbGFP-I616G-6G, cbGFP-L617G-6G, cbGFP-

R618G-6G and cbGFP-A619G-6G, the DNA fragment

from the BstYI site in the GFP coding region to the

KpnI site in the vector region of pBScbGFP-a¢CT10-

6G was replaced by the following fragments. We
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prepared a DNA fragment from the BstYI site in the

GFP coding region to the sequence coding the four

glycines at the end of the cbGFP coding region by PCR

using pBScbGFP-a¢CT10-6G as a template, and the

primers 1 and 3. We also prepared a DNA fragment

containing the region coding the mutated C-terminus

of the a¢, a sequence coding six glycines, the stop co-

don, the nos terminator and the vector region up to the

KpnI site by PCR using pBScbGFP-a¢CT10-6G as a

template and the following primers: T7 promoter pri-

mer and each of primer 16 (5¢-
GGATTGTCTTCAATTTTGAGGGCT-3¢, boldface

indicates a codon for Gly substituted for Pro 612),

primer 17 (5¢-CCTGGGTCTTCAATTTTGAGG-

GCT-3¢, boldface indicates a codon for Gly substituted

for Leu 613), primer 18 (5¢-CCTTTGGGAT-

CAATTTTGAGGGCT-3¢, boldface indicates a codon

for Gly substituted for Ser 614), primer 19 (5¢-
CCTTTGTCTGGAATTTTGAGGGCTTTT-3¢, bold-

face indicates a codon for Gly substituted for Ser 615),

primer 20 (5¢-CCTTTGTCTTCAGGATTGAGGG-

CTTTT-3¢, boldface indicates a codon for Gly substi-

tuted for Ile 616), primer 21 (5¢-CCTTTGTCTTCAAT-

TGGAAGGGCTTTT-3¢, boldface indicates a codon

for Gly substituted for Leu 617), primer 22 (5¢-
CCTTTGTCTTCAATTTTGGGAGCTTTTTACGG-

A-3¢, boldface indicates a codon for Gly substituted for

Arg 618) or primer 23 (5¢-CCTTTGTCTTCAATTTT-

GAGGGGATTTTACGGAGGA-3¢, boldface indi-

cates a codon for Gly substituted for Ala 619). Both

fragments were inserted together into pBScbGFP-

a¢CT10-6G with BstYI/KpnI sites.

To construct pBScbGFP-bCT10-6G, we used

pBSmGFP-bCT10 (Nishizawa et al. 2004) as a tem-

plate and the following primers: primer 3 and primer

24 GCAGCCGGGCGGCCGCTTATCCTCCTCCT-

CCTCCTCCGTAGAGAGCACCTAAGATTGA-3¢;
underline indicates a NotI site introduced behind the

stop codon indicated in italics, boldface indicates

sequence coding introduced Gly). The amplified frag-

ments were inserted into pBSmGFP-bCT10 (Nishizawa

et al. 2004) with BstYI/NotI sites.

To construct the plasmid for a¢CT10-cbGFP and

I616G-cbGFP, the DNA region coding the C-teminal

ten amino acids (PLSSILRAFY) or the mutated one

(PLSSGLRAFY) were inserted between the DNA

sequences coding the signal peptide of the a¢ and GFP.

We prepared a DNA fragment containing the pro-

moter region, the signal peptide-coding region of a¢
and the DNA sequence coding each of the first half of

the C-terminal ten amino acids (PLSSI) or the mutated

one (PLSSG) by PCR. As a template, pBSspcbGFP

was used, which contains a SacI site in the vector

region followed by the promoter region, signal peptide-

coding region of the a¢, GFP-coding region, DNA

coding four continuous glycines introduced prior to the

stop codon, a NotI site and the nos terminator. The

following primers were used: T3 promoter primer and

each of primer 25 (5¢-AATTGAAGACAAA-

GGAATGCCAAATGAGACAGA-3¢, boldface indi-

cates the sequence coding PLSSI of the C-terminal

region of a¢ introduced behind the signal peptide-cod-

ing region) for a¢CT10-cbGFP or primer 26 (5¢-
TCCTGAAGACAAAGGAATGCCAAATGAGAC-

AGA-3¢, boldface indicates the sequence coding

PLSSG of the mutated one) for I616G-cbGFP. We also

prepared a DNA fragment containing the sequence

coding the last half of the C-terminal ten amino acids

of a¢, the GFP-coding region, DNA sequence coding

four continuous glycines and the stop codon by PCR

using pBSspcbGFP as a template and the following

primers: primer 27 (5¢-TTGAGGGCTTTTTACGT-

GAGCAAGGGCGAGGAG-3¢, boldface indicates

the DNA sequence coding LRAFY of the C-terminal

region of a¢ introduced prior to the GFP-coding se-

quence) and primer 28 (5¢-GCAGCCGGGCGGC-

CGCTTTATCCTCC-3¢, underline indicates a NotI site

introduced behind the stop codon indicated in italics).

The amplified fragments were together inserted into

pBSspcbGFP with SacI/NotI sites.

To construct a plasmid for cbGFP-AFY, the DNA

fragment between the BstYI site in the GFP coding re-

gion and a KpnI site downstream of the nos terminator in

the vector region of pBScbGFP-a¢CT6 was replaced by

the following fragments. We prepared a DNA fragment

containing a sequence coding AFY, the stop codon, the

nos terminator and the vector region up to the KpnI site

by PCR using pBScbGFP-a¢CT6 as a template and the

following primers: primer 29 (5¢-GCTTTT-

TACTAAGCGGCCGCCCGGCT-3¢; italics indicate

the stop codon) and T7 promoter primer. We also pre-

pared a DNA fragment from the BstYI site in the GFP

coding region to the region coding the continuous four

glycines linked to the C-terminus of the GFP by PCR

using pBScbGFP-a¢CT6 as a template and following

primers: primers 1 and 3. Both fragments were inserted

together into pBScbGFP-a¢CT6 with BstYI/KpnI sites.

To construct a plasmid for Aleu-cbGFP, we used

pBSspcbGFP as a template and following primers:

primer 30 (5¢-CCCGTCACCGACCGCGCCGCCTC-

GACGGTGAGCAAGGGCGAGGAGCTGTTCA-

CCGGG-3¢, boldface indicates the DNA sequence

coding PVTDRAAST that is the C-terminal half of the

peptide from pro-aleurain, and underline indicates the

GFP-coding sequence) and primer 31 (5¢-CCGGA-
TCGGGTTGGAGTCGGCGAAGGAGGAAATG-
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CCAAATGAGACAGAAACTGATGCCAG-3¢,
boldface indicates the DNA sequence coding SSF-

ADSNPIR that is the N-terminal half of the peptide

from pro-aleurain, and underline indicates the cod-

ing sequence of signal peptide of a¢ subunit). The

amplified fragment was self-ligated to construct

pBSAleu-cbGFP.

To construct a plasmid for cbGFP-Chit, we used

pBSspcbGFP as a template and the following primers:

primer 32 (5¢-GTCGATACAATGTGAGCGGCC-

GCCCGGCTGCAGATCGTTCAAAC-3¢, boldface

indicates the DNA sequence coding VDTM that is the

C-terminal half of the peptide from the precursor of

tobacco chitinase A, and italics indicate the stop co-

don) and primer 33 (5¢-AAGAAGACCTCCTCC-

TCCTCCCTTGTACAGCTCGTCCATGCC-3¢, bold-

face indicates the DNA sequence coding GLL that is

the N-terminal half of the peptide from the precursor

of tobacco chitinase A, and underline indicates the

coding sequence of cbGFP). The amplified fragment

was self-ligated to construct pBScbGFP-Chit.

The sequences of all PCR products were confirmed

by DNA sequencing.

Transient expression assays

Transient expression assays were performed basically as

described previously (Nishizawa et al. 2003, 2004).

Briefly, the plasmids described above were introduced

into maturing cotyledons of soybean by particle bom-

bardment using Biolistic PDS-1000/He (Bio-Rad, Her-

cules, CA) as follows. Each bombardment used 750 lg

of gold microcarriers (particle size of 1.0 lm) coated

with 1.25 lg of the plasmids. Each sample was bom-

barded twice under the following conditions: vacuum,

26–28 in. Hg; target distance, 9 cm; and Helium pres-

sure, 1,100 psi. After bombardment, cotyledons were

incubated on the Murashige-Skoog agar plates at 25�C in

the dark for 24–40 h. Fluorescent images were obtained

using the MRC-1024 confocal laser-scanning micro-

scope (Bio-Rad, Hercules, CA). GFP was excited with a

laser wavelength of 488 nm and detected through a filter

for wavelengths of 506–538 nm. We observed more than

20 cells with GFP fluorescence for each construct.

Results

Reevaluation of transient expression assay using

maturing cotyledons of soybean

We previously showed that green fluorescent protein

(GFP) with the signal peptide and the C-terminal

sequence of a¢ subunit of b-conglycinin (GFP-CT24)

was transported to the PSVs in cotyledons of trans-

genic Arabidopsis thaliana (Nishizawa et al. 2003). We

also confirmed that this GFP fusion protein was

transported to the numerous rounded vacuoles (PSVs)

in maturing soybean cotyledons in transient expres-

sion assay [unpublished data (but the fluorescent

pattern was the same as that of mGFP-CT24 in which

C-terminally blocked GFP was followed by the C-

terminal sequence of a¢, Nishizawa et al. 2003)]. In

establishing the transient expression assay system, we

used, at first, GFP with the signal peptide of a¢
(spGFP, Fig. 1A) as a control of a secretory protein.

However, in maturing cotyledons of soybean, spGFP

was partially transported to the vacuoles as shown in

Fig. 2A and B, though it was also secreted to the

intercellular space (ICS). Two dot-like structures in

Fig. 2A measuring ~2 lm are gold particles used in

particle bombardment and only occasionally appeared

under the condition used. Moreover, their fluorescent

figures were always superimposed on the gold parti-

cles observed under transmitted light. There were

cells, of course, in which spGFP was not transported

to the vacuoles and was only secreted to the ICS

(Figs. 2C, D; the dot near the ICS in Fig. 2C is also a

gold particle used in particle bombardment). It is

possible that the unexpected transport to the vacuoles

was caused by the same mechanism as sorting by

ctVSDs because the C-terminal sequence of GFP

(MDELYK, underline indicates hydrophobic resi-

dues) is somewhat hydrophobic. It was reported that

the ctVSD of barley lectin and the ctVSD of potato

tuber 20 kDa protein lose their function when one or

two glycines were linked to their C-termini (Dom-

browski et al. 1993; Koide et al. 1999), although the

mechanism of this inhibition by glycines at the C-

termini remains to be elucidated. Both the C-terminal

carboxylates of main chains and side chains of amino

acids near the C-termini of ctVSDs might be recog-

nized by receptors, and glycines at the C-termini

might inhibit this recognition process. Similar to these

reports, the unexpected transport of spGFP to the

vacuoles was inhibited by adding four continuous

glycines at its C-terninus (signal peptide-C-terminally

blocked GFP or spcbGFP, which was referred to as

spmGFP in our previous reports: Nishizawa et al.

2003, 2004; Fig. 1B), and this spcbGFP was efficiently

secreted to the ICS (Fig. 2E, F; Nishizawa et al. 2003).

We observed more than 20 cells with GFP fluores-

cence and found that the fluorescent pattern observed

in these cells was the same as that observed when

spGFP was efficiently secreted, indicating that the

continuous glycines affected only the efficiency of
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secretion of GFP. Thus, we used cbGFP as a reporter

protein in following experiments.

We examined if ssVSDs and ctVSDs can function on

the pathway to the PSVs in soybean cotyledon cells. It

was reported that the N-terminal propeptide of barley

aleurain and the C-terminal propeptide of tobacco

chitinase A contain an ssVSD and a ctVSD, respec-

tively (Holwerda et al. 1992; Neuhaus et al. 1991).

Plasmids containing the sequence coding spcbGFP

fused to a portion of the propeptide (SSF-

ADSNPIRPVTDRAAST, underline indicates the

well-known motif of ssVSD) of barley aleurain (Aleu-

cbGFP, Fig. 1C), and spcbGFP fused to a C-terminal

propeptide (GLLVDTM) with ctVSD from tobacco

chitinase A (cbGFP-Chit, Fig. 1D) were introduced

into maturing soybean cotyledons by particle bom-

bardment. Both genes were driven by the promoter of

a¢ to examine their transport under almost the same

conditions in which a¢ is transported during seed mat-

uration. We observed more than 20 cells with GFP

fluorescence for each construct, and found that both

Aleu-cbGFP and cbGFP-Chit were transported to the

numerous rounded vacuoles (diameter 2–10 lm) and

were never secreted to the ICS (Fig. 2G, H). Several

small fluorescent dots were sometimes observed in

these cells. We could not identify them, but they might

be the prevacuolar compartments. In soybean, during

development, preexisting large central vacuoles

(maybe the LVs) disappear and are replaced by

numerous rounded PSVs accumulating storage pro-

teins whose tonoplasts contain a-TIP (Melroy and

Herman 1991). Therefore it is reasonable that the

vacuoles where Aleu-cbGFP and cbGFP-Chit were

transported are considered the PSVs based on their

appearance. Thus the results indicated that both

ssVSDs and ctVSDs can function on the pathway to

the PSVs in soybean cotyledon cells.

In all the experiments shown below, we used this

transient expression system using cbGFP as a reporter

protein. We observed more than 20 cells with GFP

fluorescence for each construct, and found that GFP

fusions which were detected mainly in the PSVs were

never detected in the ICS among all the observed cells,

and GFP fusions which were detected in the ICS were

never detected in the PSVs among all the observed

cells unless specified. We have shown a typical fluo-

rescent pattern for each construct in ‘Figures’.

A partial sequence of the C-terminal region

of a¢ is enough to act as a VSD

We previously showed that the VSDs for the PSV

matrix of a¢ and b reside in the C-terminal ten amino

acids (Table 1, underlines; Nishizawa et al. 2003, 2004),

which are disordered in the surface of the molecules

(Maruyama et al. 2001 2004). In these studies, the

derivatives lacking the C-terminal ten amino acids of a¢
and b (a¢/bDCT10) were secreted to the ICS in trans-

genic Arabidopsis seeds. In addition, it was elucidated

by the transient expression system that the C-terminal

ten amino acids of a¢ and b were sufficient to direct

spcbGFP (previously referred to as spmGFP) to the

PSVs in maturing soybean cotyledons when they were

fused to the C-terminus of spcbGFP (mGFP-CT10 and

Fig. 1 Schematic diagrams of GFP derivatives used in this study.
(A) Schematic diagram of spGFP. The signal peptide of a¢
subunit of b-conglycinin was fused to the N-terminus of GFP.
The genes coding the spGFP was driven by the promoter of a¢.
(B) Schematic diagram of spcbGFP. Four continuous glycines
were fused to the C-terminus of spGFP. (C) Schematic diagram
of Aleu-cbGFP. A portion of the propeptide of barley aleurain
was fused to spcbGFP. (D) Schematic diagram of cbGFP-Chit.
The C-terminal propeptide from tobacco chitinase A was fused
to spcbGFP. (E) Schematic diagram of cbGFP-X mutants.
Various sequences were fused to the C-terminus of spcbGFP.
X represents mutated sequences listed in Table 1 derived from
the C-terminal region of a¢ or b. (F) Schematic diagrams of
a¢CT10-cbGFP and I616G-cbGFP. Either of the C-terminal ten
amino acids of a¢ or the mutated sequence in which Ile 616 was
replaced by Gly was inserted between the signal peptide of a¢ and
cbGFP. sp, signal peptide of a¢; tNOS, nopaline synthase
terminator
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mGFP-bCT10 in Nishizawa et al. 2003 2004; Table 1).

Moreover, both the N-terminal portion containing four

amino acids (PFPS) and the C-terminal portion con-

taining six amino acids (ILGALY) of the C-terminal

ten amino acids of b were sufficient to direct spcbGFP

to the PSVs in maturing soybean cotyledons.

In this study, we examined if the N-terminal portion

containing four amino acids (PLSS) and the C-terminal

portion containing six (ILRAFY i.e., a¢CT6) and three

(AFY) amino acids, respectively, of the C-terminal

ten amino acids of a¢ direct spcbGFP to the PSVs

in soybean cotyledon cells. Plasmids containing the

Fig. 2 Efficient secretion of
spcbGFP compared to
spGFP, and efficient transport
of two standard GFP fusion
proteins to the PSVs in
cotyledons of maturing
soybean. (A) Partial secretion
of spGFP to the ICS. (B) The
different section of the cell
shown in (A). spGFP was also
transported to the PSVs.
Unexpected transportation to
the PSVs was sometimes
observed. (C) Secretion of
spGFP to the ICS. In some
cells, spGFP was mainly
secreted to the ICS and was
not transported to the PSVs.
(D) The different section of
the cell shown in (C). (E)
Efficient secretion of
spcbGFP to the ICS. (F) The
different section of the cell
shown in (E). spcbGFP was
not transported to the PSVs.
(G) Transportation of Aleu-
cbGFP with one of the
standard ssVSDs to the PSVs.
(H) Transportation of
cbGFP-Chit with one of the
standard ctVSDs to the PSVs.
V, PSV; ICS, intercellular
space. Bars = 10 lm
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sequence coding cbGFP-PLSS, cbGFP-a¢CT6 and

cbGFP-AFY (Fig. 1E and Table 1) were introduced

into maturing soybean cotyledons by particle bom-

bardment. As a result, cbGFP-PLSS, cbGFP-a¢CT6

and cbGFP-AFY were transported to the PSVs

(Fig. 3A–C). Thus, it was confirmed that the N-termi-

nal and the C-terminal portions of the C-terminal ten

amino acids of a¢ in analogy with those of b are enough

to work as VSDs.

Both ctVSD and ssVSD exist in the C-terminal ten

amino acids of a¢

ssVSDs function in any regions of proteins as long as

they are exposed on surfaces of proteins. However,

even if an essential Ile or Leu is replaced by Gly, they

can function as ctVSDs only at the C-termini if the

sequences have the characteristics of ctVSDs (Koide

et al. 1997). It was also reported that the function of

ctVSD of barley lectin and the ctVSD of potato tuber

20 kDa protein was inhibited by one or two glycines

attached to their C-termini (Dombrowski et al. 1993;

Koide et al. 1999), although the mechanism of this

inhibition is not clear. To elucidate the type of the

VSD in the C-terminal region of a¢, we examined the

effect of continuous glycines linked to the C-termini of

cbGFP-a¢CT6 and cbGFP-a¢CT10 (Fig. 1E and Ta-

ble 1). cbGFP-a¢CT6-2G and cbGFP-a¢CT10-2G with

two continuous glycines were transported to the PSVs

(Fig. 4A, B). However, a large amount of cbGFP-

a¢CT6-6G with continuous six glycines (Table 1) was

secreted to the ICS although it was partially trans-

ported to the PSVs (Fig. 4C, D), indicating that a

ctVSD exists in the C-terminal six amino acids of a¢.
From the results shown in these figures and in Fig. 3C,

the sequence AFY (composed of the C-terminal three

amino acids of a¢) is considered a ctVSD. On the other

hand, six glycines linked to the C-terminus of cbGFP-

a¢CT10 (Table 1, cbGFP-a¢CT10-6G) did not inhibit

the function of the C-terminal ten amino acids of a¢ at

Table 1 cbGFP-X mutants used in the study and their distribution

Name Xa PSVb ICSb

cbGFP-a¢CT10c 612PLSSILRAFY621 ++c

cbGFP-a¢CT10-2G PLSSILRAFYGG ++
cbGFP-a¢CT10-6G PLSSILRAFYGGGGGG ++
cbGFP-a¢CT10D1-6G PLSSILRAFyGGGGGG ++
cbGFP-a¢CT10D2-6G PLSSILRAfyGGGGGG ++
cbGFP-a¢CT10D3-6G PLSSILRafyGGGGGG + +
cbGFP-a¢CT10D4-6G PLSSILrafyGGGGGG + ++
cbGFP-a¢CT10D5-6G PLSSIlrafyGGGGGG ++
CbGFP-PLSS-6G PLSS ilrafyGGGGGG ++
cbGFP-PLSS-2G PLSSilrafyGG ++
cbGFP-PLSS PLSSilrafy ++
cbGFP-AFY plssilrAFY ++
cbGFP-a¢CT6 plssILRAFY ++
cbGFP-a¢CT6-2G plssILRAFYGG ++
cbGFP-a¢CT6-6G plssILRAFYGGGGGG + ++
cbGFP-P612G-6G GLSSILRAFYGGGGGG ++
cbGFP-L613G-6G PGSSILRAFYGGGGGG (+) (+)
cbGFP-S614G-6G PLGSILRAFYGGGGGG ++
cbGFP-S615G-6G PLSGILRAFYGGGGGG + +
cbGFP-I616G-6G PLSSGLRAFYGGGGGG ++
cbGFP-L617G-6G PLSSIGRAFYGGGGGG ++
cbGFP-R618G-6G PLSSILGAFYGGGGGG ++
cbGFP-A619G-6G PLSSILRGFYGGGGGG ++
cbGFP-bCT10d PFPSILGALY ++d

cbGFP-bCT10-6G PFPSILGALYGGGGGG ++

aX represents the inserted sequences in the cbGFP-X mutants shown in Fig. 1E

Each sequence is represented using the single-letter amino acid codes. Underlines indicate the sequences containing the VSDs of a¢ and
b. ‘G’s in italics represent glycines used for blocking the C-termini. Lower cases represent deleted amino acids. ‘G’s enclosed by black
lines represent glycines used for glycine scanning
b‘++’ represents the status that a large amount of GFP fluorescence was detected in the PSVs or the ICS. ‘+’ represents the status that a
part of the GFP fluorescence was detected. ‘(+)’ represents the status that only slight fluorescence was detected. ‘Empty’ represents the
status that almost no fluorescence was detected
cmGFP-CT10 (Nishizawa et al. 2003)
dmGFP-bCT10(Nishizawa et al. 2004)
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all (Fig. 4E). This indicates that an ssVSD is contained

in the C-terminal ten, not six, amino acids of a¢. To

further confirm this, the peptide composed of the C-

terminal ten amino acids of a¢ was placed at the N-

terminus of cbGFP (Fig. 1F, a¢CT10-cbGFP), and its

destination in cotyledon cells was examined. a¢CT10-

cbGFP was never secreted to the ICS, and it was

transported to the PSVs (Fig. 4F), indicating again that

an ssVSD is contained in the C-terminal ten amino

acids of a¢. Thus these demonstrate that both an ssVSD

and a ctVSD exist in the C-terminal ten amino acids of

a¢. Furthermore, cbGFP-PLSS-2G (Table 1) which has

two glycines at the C-terminus was transported to the

PSVs (Fig. 4G) in analogy with cbGFP-a¢CT6-2G and

cbGFP-a¢CT10-2G, while cbGFP-PLSS-6G (Table 1)

with continuous six glycines at the C-terminus was se-

creted to the ICS (Fig. 4H, I), indicating that an ssVSD

does not exist in the sequence PLSS, and that the

ssVSD in the C-terminal ten amino acids of a¢ ranges

over the two regions (PLSS and a¢CT6).

A core sequence in the ssVSD is Ser-Ile-Leu

To determine the region where the ssVSD exists, it was

examined if the derivatives having continuous six gly-

cines at the sequentially truncated C-termini (Fig. 1E

and Table 1) were transported to the PSVs. cbGFP-

a¢CT10D1-6G and cbGFP-a¢CT10D2-6G (Table 1),

which lack the C-terminal residue Tyr (621st residue

of a¢ counted from the first residue of signal peptide)

and Phe and Tyr (620th–621st residues), respectively,

were transported to the PSVs (Fig. 5A, B) in analogy

with cbGFP-a¢CT10-6G. However, cbGFP-a¢CT10D3-

6G and cbGFP-a¢CT10D4-6G lacking the sequences

AFY (619th–621st residues) and RAFY (618th–621st

residues), respectively, were partially secreted to the

ICS (Fig. 5C–E; the bright dots in Fig. 5C and E are

gold particles used in particle bombardment). cbGFP-

a¢CT10D5-6G and cbGFP-PLSS-6G (Table 1) lacking

the sequences LRAFY (617th–621st residues) and

ILRAFY (616th–621st residues), respectively, were

secreted to the ICS and were not transported to the

PSVs (Figs. 5F, G and 4H, I). Thus, it was suggested

that a core sequence for the function as an ssVSD

exists in the sequence PLSSILRA (612th–619th resi-

dues of a¢ counted from the first residue of signal

peptide).

Next, we substituted Gly for each residue in the

sequence PLSSILRA of cbGFP-a¢CT10-6G (Fig. 1E

and Table 1), and examined if the derivatives were

transported to the PSVs. cbGFP-P612G-6G, cbGFP-

S614G-6G, cbGFP-R618G-6G and cbGFP-A619G-6G

(Table 1) in which Gly was substituted for each of Pro

612, Ser 614, Arg 618 and Ala 619 were transported to

the PSVs (Fig. 6A–D). On the other hand, cbGFP-

S615G-6G (Table 1) was secreted to the ICS though it

was also transported to the PSVs (Fig. 6E, F). cbGFP-

I616G-6G and cbGFP-L617G-6G (Table 1) were se-

creted to the ICS and were not transported to the PSVs

at all (Fig. 6G–J; the dots in the cells in Fig. 6G and I

are gold particles used in particle bombardment). Thus

these indicate that the sequence SIL (615th to 617th

residues of a¢ counted from the first residue of signal

peptide or fifth to seventh residues counted from the

C-terminus) is a core sequence for the function as an

ssVSD. In this sequence, the Ile and Leu are more

important than the Ser, since cbGFP-S615G-6G was

partly transported to the PSVs. This is largely consis-

tent with the result obtained using cbGFP-a¢CT6-6G

lacking Ser 615 in which a large amount of cbGFP-

a¢CT6-6G was secreted to the ICS although it was

partially transported to the PSVs (Fig. 4C, D). It is

conceivable that Ser 615 has a supplementary role in

function as an ssVSD. cbGFP-L613G-6G (Table 1), in

which Gly was substituted for Leu 613, was barely

detected in both the ICS and the PSVs, but was mainly

detected in the ER-network (Fig. 6K). This result was

unexpected, and we can only surmise that Leu 613

might play an important role different from the critical

role played by Ile 616 and Leu 617. From the results

shown in Fig. 5C–E, it seems as if Arg 618 and Ala 619

Fig. 3 Transport of cbGFP with the partial C-terminal
sequences of a¢ to the PSVs in maturing soybean cotyledons.
(A) cbGFP-PLSS. (B) cbGFP-a¢CT6. (C) cbGFP-AFY. V, PSV.
Bars = 10 lm
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had been necessary for transportation to the PSVs,

since cbGFP-a¢CT10D3-6G and cbGFP-a¢CT10D4-6G

were partly secreted to the ICS, while cbGFP-

a¢CT10D2-6G was not secreted (Fig. 5B). However,

cbGFP-R618G-6G (Fig. 6C) and cbGFP-A619G-6G

(Fig. 6D) in which glycines were substituted for Arg

618 and Ala 619, respectively, were transported to the

PSVs and were never secreted. From these results,

Fig. 5 Location of cbGFP
with the truncated C-terminal
sequences of a¢ followed by
continuous six glycines in
maturing soybean cotyledons.
(A) cbGFP-a¢CT10D1-6G.
(B) cbGFP-a¢CT10D2-6G. (C)
cbGFP-a¢CT10D3-6G. (D)
The cell in (C) was optically
sectioned at the deeper
position of z-axis. (E) cbGFP-
a¢CT10D4-6G. (F) cbGFP-
a¢CT10D5-6G. (G) The cell in
(F) was optically sectioned at
the deeper position of z-axis.
V, PSV; ICS, intercellular
space. Bars = 10 lm

Fig. 4 Location of cbGFP
with the partial C-terminal
sequences of a¢ followed by
continuous glycines, and
transport of cbGFP with the
C-terminal ten amino acids of
a¢ at the N-terminus to the
PSVs in maturing soybean
cotyledons. (A) cbGFP-
a¢CT6-2G. (B) cbGFP-
a¢CT10-2G. (C) cbGFP-
a¢CT6-6G. (D) The cell in (C)
was optically sectioned at the
deeper position of z-axis. (E)
cbGFP-a¢CT10-6G. (F)
a¢CT10-cbGFP. (G) cbGFP-
PLSS-2G. (H) cbGFP-PLSS-
6G. (I) The cell in (H) was
optically sectioned at the
deeper position of z-axis. V,
PSV; ICS, intercellular space.
Bars = 10 lm
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neither Arg 618 nor Ala 619 was essential, and, alter-

natively, the SIL sequence requires being followed by

at least two amino acids except for continuous glycines

for complete transportation to the PSVs.

We examined if the core sequence described above

are also significant at the N-terminus of GFP. I616G-

cbGFP (Fig. 1F) in which Ile of a¢CT10-cbGFP was

replaced by Gly was secreted to the ICS (Fig. 6L).

Thus this indicated that the SIL sequence is also criti-

cally important for the function as an ssVSD at the N-

terminus. It was also indicated again that the C-ter-

minal sequence composed of three amino acids (AFY)

is a ctVSD, since it could not function as a VSD in the

transport of I616G-cbGFP though it functions as a

VSD at the C-terminus of the cbGFP (Fig. 3C).

The C-terminus of b subunit also contains an ssVSD

The sequence SIL also exists in the C-terminal ten

amino acids of b. We examined if the C-terminal

sequence of b subunit also contains an ssVSD. As

shown in Fig. 6M, cbGFP-bCT10-6G (Fig. 1E and

Table 1) was transported to the PSVs in analogy with

cbGFP-a¢CT10-6G, indicating that an ssVSD exists

also in the C-terminal ten amino acids of b and that the

sequence SIL is probably a core of the ssVSD.

Discussion

Both an ssVSD and a ctVSD exist in the C-terminal

region of a¢

It has been demonstrated that the PSVs are composed

of (sub)compartments, since there are the globoid

compartments and matrix in the PSVs of some plants.

The matrix contains storage proteins, whereas the

globoid compartments contain phytic acid crystals and

are supposed to have characteristics of the lytic vacu-

oles (Jiang et al. 2001). We previously reported that

the C-terminal ten amino acids of a¢ and b of b-con-

glycinin (GenPept accessions AAB01374, BAA23361)

Fig. 6 Location of cbGFP
with the mutated C-terminal
sequences of a¢ followed by
continuous six glycines, with
the mutated C-terminal
sequence of a¢ at the N-
terminus, or with the C-
terminal ten amino acids of b
followed by continuous six
glycines in maturing soybean
cotyledons. (A) cbGFP-
P612G-6G. (B) cbGFP-
S614G-6G. (C) cbGFP-
R618G-6G. (D) cbGFP-
A619G-6G. (E) cbGFP-
S615G-6G. (F) The cell in (E)
was optically sectioned at the
deeper position of z-axis. (G)
cbGFP-I616G-6G. (H) The
cell in (G) was optically
sectioned at the deeper
position of z-axis. (I) cbGFP-
L617G-6G. (J) The cell in (I)
was optically sectioned at the
deeper position of z-axis. (K)
cbGFP-L613G-6G. (L)
I616G-cbGFP. (M) cbGFP-
bCT10-6G V, PSV; ICS,
intercellular space.
Bars = 10 lm
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which accumulates in the PSVs function as VSDs in

transportation to the PSV matrix, and that they are not

involved in the transportation to the globoid com-

partments (Nishizawa et al. 2003, 2004). In this study,

we showed that both an ssVSD and a ctVSD exist in

proximity to each other in this region of a¢, and that b
also contains an ssVSD. We could not evaluate whe-

ther GFP fusion proteins used in this study were

transported not only to the PSV matrix but also to the

globoid compartments, since the globoid compart-

ments in the PSVs of soybean is too small to be de-

tected by confocal laser scanning microscope

(Nishizawa et al. 2003). However, it is conceivable that

both types of VSDs in the C-terminal region of a¢
function in transportation to the PSV matrix (To avoid

complexity, we are just using the word ‘‘PSV’’ instead

of ‘‘PSV matrix’’ except for in this section).

Previously it was reported that the potato tuber

20 kDa protein precursor contains two VSDs in the N-

and C-terminal regions (Koide et al. 1999). However,

our study is the first one that shows distinct types of

VSDs exist in proximity. Until recently, ssVSDs were

thought to be specific for the LVs but not for the PSVs,

and the VSRs such as BP-80 were thought to work for

the trafficking to the LVs. However, it has been pro-

posed that this vision must be revised because of sev-

eral recent studies (Vitale and Hinz 2005). It has been

reported that proricin and 2S albumin precursor of

castor bean, which are stored in the PSVs, have

ssVSDs (Frigerio et al. 2001; Brown et al. 2003). In

addition, AtVSR1/AtELP, one of BP-80 homologs,

was elucidated to act as a sorting receptor of storage

proteins (Shimada et al. 2003). Also, in this study, not

only both types of VSDs identified in the C-terminal

region of a¢ but also the well-known ssVSD of aleurain

and ctVSD of chitinase transported cbGFP (Aleu-

cbGFP, cbGFP-Chit) to the PSVs in soybean maturing

cotyledons. We could not know whether these fusion

proteins were transported to the PSV matrix through a

same pathway or whether they were also transported to

the globoid compartments. However, it is obvious that

both types of VSDs, ssVSDs and ctVSDs, can function

on the pathway to the PSV matrix in maturing coty-

ledons of soybean.

The sequence composed of C-terminal three amino

acids (AFY) of a¢, homologous to the ctVSD (AFVY)

of phaseolin (Frigerio et al. 1998a), is considered a

ctVSD, since it directed cbGFP to the PSVs (Fig. 3C),

and I616G-cbGFP, which has a mutation in the core

sequence of ssVSD, was not transported to the PSVs

though they have the AFY sequence (Fig. 6L). ctVSDs

can function only at the C-termini. This might be

because both of the C-terminal carboxylates of main

chains and side chains of amino acids near the C-ter-

mini must be recognized by receptors, like the inter-

action between peroxisomal targeting signal-1 (PTS1)

and its receptor PEX5, the molecular basis for which

was revealed by crystallographic analysis of the com-

plex (Gatto et al. 2000). The function of ctVSD of a¢
was not disrupted with two glycines but disrupted with

six glycines in this study. In contrast, the function of

ctVSDs of barley lectin and potato tuber 20 kDa pro-

tein was disrupted with one or two glycines in tobacco

leaf protoplasts and suspension cultured cells, respec-

tively (Dombrowski et al. 1993; Koide et al. 1999).

This difference might be due to the difference in the

sequence around the C-termini of the VSDs and the

difference in the environment of ligand interaction

sites of receptors (e.g., capacity of binding pockets) in

distinct cell types derived from different plants. A

thorough mechanism of interaction between ctVSDs

and receptors, and the reason why several glycines at

the C-termini disrupt the function of ctVSDs may be

revealed by crystallographic analysis of the ctVSD-

receptor complexes derived from various cell-types

and plants in the future.

ssVSDs were at first found in the proteins destined

for the LVs (Holwerda et al. 1992; Matsuoka and Na-

kamura 1991). However, it has been reported that

proricin and 2S albumin precursor of castor bean,

which are stored in the PSVs, also have ssVSDs

(Frigerio et al. 2001; Brown et al. 2003). In this study,

it was elucidated that the sequence Ser-Ile-Leu, which

are fifth to seventh residues counted from the C-ter-

minus, is a core sequence of the ssVSD of a¢ since the

C-terminal peptide containing this sequence trans-

ported cbGFP to the PSVs even when it was placed at

the N-terminus of cbGFP. The Ile and Leu in the se-

quence play a critically important role in the function

as an ssVSD since this function was completely dis-

rupted when even one of them was replaced by Gly

(Fig. 6G–J). The ssVSDs of barley aleurain and sweet

potato sporamin precursors, which were found in the

initial stage of the studies of transportation to the

vacuole, have a consensus sequence (NPIRL/P) (Hol-

werda et al. 1992; Matsuoka and Nakamura 1991).

However, Matsuoka and Nakamura (1999) showed by

detailed mutation analysis of the VSD of sporamin that

a strict conservation of these amino acids is not

essential. According to their report, the requirements

for NPIRL motif are as follows: the first amino acid

should not be small and hydrophobic, the second po-

sition may not be acidic, the third position is essential

Ile or Leu which cannot be replaced by any other

amino acids, the fourth position can be any amino acid

and the fifth position should contain a bulky and
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preferably hydrophobic side-chain (Matsuoka and

Nakamura 1999). The ssVSDs of castor bean ricin

(LLIRP, underline indicates an essential residue

though it was confirmed only by substitution of Gly but

not confirmed by substitution of other amino acids)

and 2S albumin precursors (EVLRM, underline indi-

cates an essential residue though it also was confirmed

only by substitution of Gly) fit this criteria (Brown

et al. 2003; Frigerio et al. 2001). However, the se-

quence of the ssVSD of a¢ (SSILRA, underline indi-

cates essential Ile and Leu though we confirmed by

substitution of only Gly but not of other amino acids

for them) does not fit this very well. For example, the

Ser prior to the essential Ile cannot be replaced by Gly

while the Pro prior to the essential Ile in the NPIR

motif can be replaced by Gly (Matsuoka and Nakam-

ura 1999). This implies that many more various

sequences than we expect are acceptable as ssVSDs.

The SIL sequence that is the core of the ssVSD of a¢
exists also in the C-terminal regions of a (GenPept

accession CAA35691) and b of b-conglycinin and some

other vicilins, convicilins and vicilin-like proteins

(Fig. 7) such as pea vicilin (swissprot accession

P02855), pea convicilin (prf accession 1713472A), fava

bean (broad bean) vicilin (pir accession A27288), Vicia

narbonensis vicilin (GenPept accession CAA96514), V.

narbonensis convicilin (GenPept accession

CAA96513), black walnut vicilin (GenPept accession

AAM54366), pumpkin PV100 (GenPept accession

BAA34056), Arabidopsis thaliana cupin family protein

(RefSeq accession NP566714), macadamia nut vicilin

(GenPept accession AAD54246). Among these se-

quences, it was shown that the C-terminal region of b
also contains an ssVSD (Fig. 6M). From comparison

with the C-terminal regions of a¢ and b, it is expected

that the SIL sequence in all these proteins are exposed

outside of the molecules (Fig. 7; Maruyama et al. 2001,

2004), and that the C-terminal regions of these proteins

might also work as ctVSDs since they contain hydro-

phobic amino acids similar to the ctVSD (AFY) of a¢.
Pea convicilin (GenPept accession CAA29695) and

jack bean canavalin (GenPept accession CAA42075)

Fig. 7 Alignment of the C-
terminal sequences of 7S
globulins or related proteins
from various plants. Dashed
lines indicate gaps. Residue
number of a¢ counted from
the first amino acid of the
signal peptide are shown
above the sequence.
Underlines indicate the
sequences containing the
VSDs of a¢ and b. Dotted
underlines indicate the
sequences, which are
disordered on the surface of
molecules elucidated
previously by X-ray analysis.
Shaded amino acids are
conserved amino acids among
these proteins. The conserved
SIL sequence is enclosed by
black line. #1: swissprot
accession P02855, #2:
GenPept accession
CAA32239, *1: prf accession
1713272A, *2: GenPept
accession CAA29695
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contain similar sequences (SVL and NLF, respectively)

in the C-terminal regions. They might also function as

ssVSDs. However there are vicilins, which contain

neither the SIL sequence nor similar sequences [e.g.,

pea vicilin (GenPept accession CAA32239) and a- and

b-types of common bean phaseolin (GenPept acces-

sions CAA26718, CAA26789)]. As for b-type phaseo-

lin, it was elucidated that the sequence AFVY at the

C-terminus is a ctVSD (Frigerio et al. 1998a).

Are both the ssVSD and ctVSD of a¢ recognized

by one vacuolar sorting receptor?

In this report we showed that the a¢ subunit of b-con-

glycinin has two types of VSDs both of which function

for trafficking to the PSVs. Are these VSDs recognized

by one VSR? So far, VSRs which bind to the VSDs

have been found in several plants, e.g., pea BP-80

(Kirsch et al. 1994; Paris et al. 1997), Arabidopsis

AtVSR1/AtELP (Ahmed et al. 1997; Shimada et al.

2003) and pumpkin PV72 (Shimada et al. 1997). They

possess high homology. Among these proteins,

AtVSR1/AtELP was elucidated in planta to act as a

sorting receptor of storage proteins (Shimada et al.

2003). It was also reported that AtVSR1/AtELP binds

not only the VSD of sweet potato sporamin (Ahmed

et al. 2000) and the N-terminal propeptide of Arabid-

opsis aleurain (AtAleu) which contain NPIR

sequences but also the C-terminal sequence of

Arabidopsis 12S globulin which contains neither Ile

nor Leu (Shimada et al. 2003). Thus, it is conceivable

that this (these) VSR(s) has (have) at least two distinct

recognition mechanisms, which are for ssVSDs con-

taining either Ile or Leu and for ctVSDs, respectively.

Proteins homologous to the VSRs described above

probably exist in soybean since expression of the

homologous genes is detected in EST sequencing.

Therefore it is possible that both of the ssVSD and

ctVSD of a¢ are recognized by one VSR in soybean

maturing cotyledons. It was reported, however, that

the 12S globulin and 2S albumin accumulated not only

in the ICS but also in the PSVs in atvsr1mutant (Shi-

mada et al. 2003), and that AtVSR1/AtELP did not

bind the ctVSD of barley lectin (Ahmed et al. 2000).

Recently, it was reported that Arabidopsis thaliana

receptor homology region transmembrane domain ring

H2 motif protein (AtRMR)1 functions as a receptor

for ctVSD-mediated protein trafficking to the PSVs.

By co-expression experiments using leaf protoplasts

and in vitro binding assays, it was demonstrated that

AtRMR1 binds the ctVSD (AFVY) of phaseolin and

carries phaseolin to the PSVs (Park et al. 2005). Thus it

is also possible that the ssVSD and ctVSD of a¢ are

recognized separately by different receptors, e.g.,

AtVSR1/AtELP and AtRMR1 homologs, respectively,

in soybean.
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