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Abstract We previously showed that two major cysteine
endopeptidases, REP-1 and REP-2, were present in
germinated rice (Oryza sativa L.) seeds, and that REP-1
was the enzyme that digests seed storage proteins. The
present study shows that REP-2 is an asparaginyl en-
dopeptidase that acts as an activator of REP-1, and we
separated it into two forms, REP-2a (39 kDa) and REP-
2b (40 kDa), using ion-exchange chromatography and
gel filtration chromatography. Although analysis of the
amino terminals revealed that 10 amino acids of both
forms were identical, their isoelectric points were dif-
ferent. SDS–PAGE/immunoblot analysis using an anti-
serum raised against legumain, an asparaginyl
endopeptidase from jack bean, indicated that both forms
were present in maturing and germinating rice seeds, and
that their amounts transiently decreased in dry seeds.
Northern blot analysis indicated that REP-2 mRNA was
expressed in both maturing and germinating seeds. In
germinating seeds, the mRNA was detected in aleurone
layers but not in shoot and root tissues. Incubation of
the de-embryonated seeds in 10–6 M gibberellic acid in-
duced the production of large amounts of REP-1,
whereas REP-2b levels declined rapidly. Southern blot
analysis showed that there is one gene for REP-2 in the
genome, indicating that both REP-2 enzymes are gen-
erated from a single gene. The structure of the gene was
similar to that of b-VPE and c-VPE isolated from Ara-
bidopsis thaliana.

Keywords Asparaginyl endopeptidase Æ Cysteine
endopeptidase Æ Development Æ Germination Æ
Oryza sativa

Abbreviations ABA: abscisic acid Æ Asn: asparagine Æ
DAF: days after flowering Æ DAI: days after imbi-
bition Æ GA3: gibberellic acid Æ VPE: vacuolar proc-
essing enzyme

Introduction

Seed storage proteins are mainly present in the endo-
sperm or cotyledon as sources of amino acids for sup-
porting early seedling growth. In germinating seeds, the
storage proteins are digested by proteinases belonging to
a papain family that exists widely in monocot and dicot
seeds. There are two well-known plant papain types of
endopeptidase, SH-EP and EP-B, which are specifically
expressed in germinating seeds and growing seedlings.
SH-EP and EP-B have been isolated from germinating
Vigna mungo and barley seedlings, respectively, and their
primary structures and enzymatic characterizations have
been studied extensively (Mitsuhashi et al. 1986; Aka-
sofu et al. 1989; Koehler and Ho 1990a, 1990b). Papain-
family proteinases including both enzymes have
common features such as the ERFNIN motif compris-
ing amino acid residues dispersed in the propeptide
region (Karrer et al. 1993), a catalytic triad constituting
a catalytic site (Kamphuis et al. 1985), and a long pro-
sequence involved in the activation and correct folding
of the enzyme (Vernet et al. 1991). SH-EP and EP-B are
initially transcribed as inactive precursors with long
prosequences. Both precursors were detected by SDS–
PAGE/immunoblot analysis and shown to be activated
via several intermediates by multiple cleavages. In the
case of activation of V. mungo SH-EP, the inactive
SH-EP precursor was initially processed by another
endopeptidase, VmPE-1, that exhibits strict substrate
specificity to the carboxy-terminal asparagine (Asn) resi-
dues of the peptide (Okamoto and Minamikawa 1995).

Previously, we detected two major cysteine endo-
peptidases, REP-1 and REP-2, in germinating rice seeds
and showed that REP-1, a member of the papain family
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of proteinases, is mainly responsible for the degradation
of the major seed storage protein, glutelin (Kato and
Minamikawa 1996). Since REP-1 contains a long pro-
sequence predicted by cDNA, we have speculated that
its activation is mediated by another endopeptidase such
as REP-2, which co-exists with REP-1 in germinated
seeds and young seedlings, as in the case of the activa-
tion of SH-EP.

Recently, it was shown that two types of cysteine
endopeptidase, papain-type and legumain-like protein-
ases, are involved in the successive degradation of stor-
age globulin in vetch seeds (Becker et al. 1995; Schlereth
et al. 2001). It can be speculated that REP-2 cooperates
with REP-1 in the degradation of seed storage proteins.

In the present study, we attempted to purify and
characterize REP-2 in order to clarify the role of REP-2
in germinating rice seeds. We partially purified REP-2
and determined that it is an asparaginyl endopeptidase.
Although asparaginyl endopeptidase activity has been
reported within germinating (Sutoh et al. 1999) and
maturing (Bottari et al. 1996) wheat seeds, no asparag-
inyl endopeptidases have been isolated from monocot
seeds. The present study is therefore the first to identify
and characterize a monocot asparaginyl endopeptidase.

Materials and methods

Plant materials

The rice (Oryza sativa L. cv. Koshihikari) seeds used for purifica-
tion were purchased from the Shibata-shi Agricultural Cooperative
Association (Japan). The rice seeds (cv. Nihonbare) used for the
analysis of mRNAs and genes were a gift from Dr. Seiichiro Kiyota
(National Institute of Agrobiological Resources, Tsukuba, Japan).
All rice seeds were germinated in continuous darkness at 27 �C.

Measurement of endopeptidase activity of REP-2

Endopeptidase activity was assayed using a synthetic substrate,
Z-Ala-Ala-Asn-MCA (benzyloxycarbonyl-alanyl-alanyl-asparagi-
nyl-7-(4-methyl)-coumarylamide), which was produced according
to Kembhavi et al. (1993). The reaction mixture consisted of 5 ll of
10 mM Z-Ala-Ala-Asn-MCA (dissolved in dimethyl sulfoxide),
1980 ll of 50 mM sodium acetate (pH 6.0) containing 10 mM
2-mercaptoethanol, and 15 ll of enzyme solution. The mixture
without the enzyme was pre-incubated for 5 min at 30 �C, and after
the addition of the enzyme solution the mixture was incubated for a
further 10 min. The enzymatic reaction was stopped by heating in a
boiling-water bath for 5 min, and the solution was subsequently
cooled in water at room temperature. The amount of free AMC
(7-amino-4-methyl-coumarin) released during the incubation
compared with that of zero-time incubation was assessed according
to Okamoto et al. (1999). One unit of enzyme was defined as the
amount of endopeptidase releasing 1 lmol AMC under the above-
mentioned conditions.

Purification of REP-2

All the following procedures were conducted at 4 �C. Two kilo-
grams of day-9 germinated seeds were homogenized with 4 l of
50 mM sodium acetate (pH 6.0), containing 10 mM 2-mercapto-
ethanol. The homogenate was centrifuged at 6,500 g for 30 min,
and solid ammonium sulfate was added to the clarified solution to a

saturation of 40–75%. The precipitate was dissolved in 50 mM
sodium acetate (pH 6.0) containing 10 mM 2-mercaptoethanol and
1.0 M ammonium sulfate, and was fully dialyzed against the same
buffer. The solution was loaded on a column (16 mm · 400 mm) of
butyl-Cellulofine (Seikagaku Kogyo, Tokyo, Japan). The column
was washed with the same buffer, and adsorbed proteins were
eluted from the column with a linear gradient (180 ml/180 ml) of
1.0 to 0 M ammonium sulfate in the buffer. The fractions of REP-2
were combined, and proteins were precipitated by adding solid
ammonium sulfate to 80% saturation. The precipitate was dis-
solved in 5 ml of 20 mM sodium acetate (pH 6.0) containing 5 mM
2-mercaptoethanol, and the solution was thoroughly dialyzed
against the same buffer. The solution was clarified by centrifuga-
tion at 11,000 g for 15 min and the supernatant was loaded on a
column (10 mm · 100 mm) of QA-52 cellulose (Whatman). The
column was washed thoroughly with the buffer, and adsorbed
proteins were eluted from the column with a linear gradient
(105 ml/105 ml) of 0 to 0.3 M KCl. Active fractions were concen-
trated by adding solid ammonium sulfate to 80% saturation. The
precipitate was dissolved in 1 ml of 20 mM sodium acetate
(pH 6.0) containing 5 mM 2-mercaptoethanol and 0.3 M KCl.
Proteins were separated on a Sephacryl S-200 column (16 mm ·
900 mm; Amersham Pharmacia Biotech), and the final enzyme
fraction was obtained.

Determination of amino acid sequences of the amino
terminal of REP-2

After the gel filtration chromatography, two forms of REP-
2—REP-2a (39 kDa) and REP-2b (40 kDa)—were separated into
fractions 16 and 15, respectively. Both fractions were lyophilized
following desalting on PD-10 columns (Amersham Pharmacia
Biotech), and the powders were dissolved in a small volume of
SDS–PAGE sample buffer. The solutions were divided into two
aliquots and analyzed by SDS–PAGE on a gel (Laemmli 1970).
Proteins were transferred to a polyvinylidenedifluoride (PVDF)
membrane (Millipore), after which the membrane was cut in half.
One half of the membrane was stained with the antiserum against
legumain (an asparaginyl endopeptidase from jack bean) with an
ECL kit (Amersham Pharmacia Biotech) to act as a reference for
the REP-2 bands. The other half was stained with Coomassie blue,
and the bands of REP-2a and REP-2b were cut from the membrane
for analysis of the amino-terminal amino acid sequences of the two
REP-2 enzymes using an automated sequence analyzer (model
477A; Applied Biosystems).

Two-dimensional PAGE analysis of REP-2a
and REP-2b expression

Aleurone layers and endosperm from 100 germinated seeds were
collected, and other tissues including shoots and roots were
discarded. Seeds were homogenized in 10 ml of 50 mM sodium
acetate (pH 6.0) containing 10 mM 2-mercaptoethanol. The
homogenate was centrifuged twice at 11,000 g for 15 min. The
supernatant was passed through an 80-lm nylon mesh and added
to 30 ml of cold acetone. Solutions were maintained at )20 �C
overnight. The precipitated proteins were collected by centrifuga-
tion and dissolved in a small volume of distilled water; the solution
was subsequently diluted to 1 ml with distilled water. Twenty
microliters of each solution prepared from maturing and germi-
nating seeds was analyzed by two-dimensional PAGE (Manabe
et al. 1979).

Isolation of the REP-2 cDNA and gene

Total RNA was prepared from the aleurone layers and endosperm
after removing shoots and roots from day-4 seedlings as described
in Kato and Minamikawa (1996). Poly(A)+ RNA was then

677



purified using oligo d(T)-cellulose (Amersham Pharmacia Biotech).
The internal cDNA fragment of REP-2 cDNA was amplified by
RT–PCR using four primers: one primer deduced from the amino-
terminal amino acid sequence of REP-2 and three primers designed
from motifs conserved among legume asparaginyl endopeptidases
(Becker et al. 1995; Kinoshita et al. 1995a, 1995b; Okamoto and
Minamikawa 1999). Single-stranded cDNA was synthesized using
the oligo d(T) primer with a first-strand cDNA synthesis kit
(Takara Shuzo, Shiga, Japan), and this was used as the template for
the subsequent PCR steps. The first PCR was performed with two
external primers, GGN GTN GGN ACN (A/C)GN TGG GC and
GT(A/G) CAI TAC (G/C)T(T/C) AT(G/A) CCI (C/T)T, the pri-
mary product from which was used as the template for the second
PCR. The fragment was amplified between the following internal
primers: TT(C/T) ATG TA(C/T) GA(C/T) GA(C/T) AT(A/C/T)
and NGC (A/G)TG (C/T)TT (C/T)TT (C/T)TT NA(A/G). The
final PCR product was cloned into a TA-vector (Invitrogen), and the
nucleotide sequence of interest was confirmed using an ABI310
automated sequence analyzer (Applied Biosystems). The amplified
fragment was used as a probe for subsequent plaque lifting.

Double-stranded cDNAs were constructed with a Time Saver
cDNA synthesis kit (Amersham Pharmacia Biotech) according to
the manufacturer’s instructions from day-4 poly(A)+ RNA. Syn-
thesized cDNAs were cloned into the kZAP II cloning vector
(Stratagene) and packaged with Gigapack III gold (Stratagene).
Plaques were lifted according to the method of Sambrook et al.
(1989). The pBluescript phagemid having the REP-2 cDNA insert
was excised in vivo according to the manufacturer’s instructions.
Serial deletions of pRAN151 (a REP-2 cDNA) from both orien-
tations were obtained with a Kilo-sequence deletion kit (Takara
Shuzo, Shiga, Japan), and nucleotide sequences of deletions were
determined as described above.

Rice genomic DNA was isolated from day-9 seedlings under
continuous darkness using the cetyltrimethylammonium bromide
method (Rogers and Bendich 1985). The REP-2 gene was isolated
from the genomic DNA by PCR using the following six primers:
REP-2Fw, ATGGCGGCGCGGTGGTGCTTCG; REP-2Rv,
TCGTATATACAGGGCATC-TAT; REP-2pfhFw, CGGAAGG
GAGGGCTAAAGGAG; REP-2pfhRv, ATGATCAG-AG
TAGAAGATAAA; REP-2pflFw, AAGCTTTACCTATACCAA
GGT; and REP-2pflRv, CTGACCAGAAGGTCTAACAGC. The
PCR products were cloned into pGEM-T easy vector (Promega).
The nucleotide sequence of the REP-2 gene was determined as
described above.

Northern and genomic Southern blot hybridization

For Northern blot analysis, total RNA was prepared from various
tissues as described above. The RNA (10 lg) was loaded on a 1.4%
agarose (w/v) gel, then transferred onto a Hybond-N membrane
(Amersham Pharmacia Biotech) and immobilized by exposure to
ultraviolet light. The membrane was prehybridized for 2 h in a hy-
bridization solution (Shintani et al. 1997) at 42 �C. Hybridization
was performed in the solution for 12 h at 42 �C, then the membrane
was washed twice with 2·SSC containing 0.1% SDS (w/v) and once
with 0.2·SSC containing 0.1% SDS (w/v) for 30 min at 42 �C.

For Southern blot analysis, genomic DNA was prepared from
rice seedlings as described above. Nuclear DNA (10 lg) was di-
gested by restriction enzymes, and electrophoresed on a 0.7%
agarose (w/v) gel. After electrophoresis, the DNA was transferred
onto a nylon membrane, and fixed under ultraviolet light. Hy-
bridization was conducted with REP-2 cDNA (pRAN151) as a
probe (Sambrook et al. 1989).

Treatment of de-embryonated seeds with gibberellic acid (GA3)
and abscisic acid (ABA)

One-hundred de-embryonated rice seeds were sterilized with 1%
sodium hypochlorite (v/v) containing 0.05% Tween 20 (v/v) for
1 h, then rinsed thoroughly with sterile water and incubated in

10 ml of water at 25 �C for the duration of the 5-day test period.
One-hundred microliters of 10–3 M GA3 and ABA was added to
the water to give a final concentration of 10–6 M.

Results

Identification and characterization of REP-2

The REP-2 fraction was separated from the REP-1
fraction using hydrophobic chromatography as de-
scribed by Kato and Minamikawa (1996). These frac-
tions were used to examine the substrate specificities of
REP-1 and REP-2 (Table 1). REP-1 has no exopepti-
dase activity and a strict substrate specificity toward
carbobenzoxy-L-phenylalanyl-L-arginine-4-methyl-coum-
aryl-7-amide (Z-Phe-Arg-MCA), which is the most effi-
cient substrate for papain-family endopeptidases (Davy
et al. 1998; Okamoto et al. 1999). However, the REP-2
fraction exhibits exopeptidase activity, and efficiently
digested Z-Ala-Ala-Asn-MCA but not Z-Phe-Arg-MCA
(Table 1). As a result, during further purification of
REP-2 we used Z-Ala-Ala-Asn-MCA as a substrate. We
found that REP-2 was stable at around pH 6.0, but that
it immediately lost its activity under other pH condi-
tions, and that REP-2 is also sensitive to temperatures
higher than 45 �C (data not shown). Anion-exchange
chromatography was used to separate REP-2 into two
fractions, named REP-2a (39 kDa) and REP-2b
(40 kDa) (Fig. 1A). Both fractions were combined and
concentrated, then loaded on a Sephacryl S-200 column.
In this chromatographic analysis, REP-2 was distributed
into fractions 15 and 16, (REP-2b and REP-2a, respec-
tively; Figs. 1B and 2A). Finally, REP-2 was partially
purified 303-fold (Table 2). Analysis of the amino-ter-
minal sequences of REP-2a and REP-2b revealed 10
identical amino acids (Fig. 2B). Both forms of REP-2
were visualized with the antiserum against legumain
(Fig. 2A). From these results, we concluded that REP-2
is an asparaginyl endopeptidase.

Table 1 Substrate specificities of rice (Oryzasativa) REP-2 and
REP-1. REP-2 and REP-1 fractions were obtained from the first
(butyl-Cellulofine)and second (QA-52) purification steps, respec-
tively (Kato and Minamikawa 1996). 100% activity was defined as
the amount of 7-amino-4-methyl-coumarin (AMC) released when
Z-Ala-Ala-Asn-MCA and Z-Phe-Arg-MCAwere used for REP-2
and REP-1, respectively. Z Benzocarboxy, MCA 4-methyl-coum-
aryl-7-amide

Substrate % Activity

REP-2 REP-1

(Butyl-Cellulofine) (QA-52)

Z-Ala-Ala-Asn-MCA 100 45.0
Z-Phe-Arg-MCA 0 100
Z-Arg-Arg-MCA 4.2 0
Arg-MCA 110 0
Ala-MCA 3.9 0
Leu-MCA 55.5 0
Phe-MCA 32.1 0
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Molecular characterization of REP-2

Using degenerate primers for the amino-terminal ami-
no acid sequence of REP-2 and primers for the con-
sensus sequence for plant asparaginyl endopeptidases,
we used RT–PCR to amplify a partial 0.48-kbp cDNA.
The deduced amino acid sequence was highly homol-
ogous to known legume asparaginyl endopeptidases
such as jack bean legumain (75%), vetch bean pro-
teinase B (76%), and V. mungo VmPE-1 (72%) (Tak-
eda et al. 1994; Becker et al. 1995; Okamoto and
Minamikawa 1995). Therefore, we concluded that the
amplified fragment was the partial cDNA for REP-2
mRNA. Prior to construction of a cDNA library, we
preliminarily conducted Northern blot analysis using
the amplified fragment as a probe. The highest level of
REP-2 mRNA was found in day-4 seedlings. We pre-
pared poly(A)+ RNA from day-4 seedlings and con-
structed a cDNA library containing 50,000 independent

clones. Subsequently, 13 clones were selected by plaque
lifting, and they were grouped into a single clone rep-
resented by pRAN151 (DDBJ Nucleotide Sequence
Database accession no. AB081464) on restriction-en-
zyme mapping.

The deduced amino acid sequence included 10 amino
acids which were determined from the sequencing of
REP-2 proteins, and revealed that REP-2 was initially
transcribed as a 55-kDa precursor (Fig. 3). Hydropathy
plot analysis predicted that REP-2 contains a signal
sequence which is cleaved from the carboxy terminal of
Ala22 followed by a small propeptide which is also
removed to form the mature REP-2 (von Heijne 1983).
A potential Asn-linked glycosylation site was found in
the sequence at Asn153. REP-2 was highly homologous
with legume asparaginyl endopeptidases, and the phy-
logenetic tree revealed that REP-2 is more similar to jack

Fig. 1A, B Elution profiles of rice (Oryza sativa) REP-2 on column
chromatography. The endopeptidase fraction obtained from
ammonium sulfate fractionation (40–75% saturation) was loaded
on a butyl-Cellulofine column for chromatography, resulting in the
separation of REP-1 and REP-2 (Kato and Minamikawa 1996). A
The REP-2 fraction from hydrophobic chromatography was
loaded on a column of QA-52 cellulose. The column was fully
washed after protein adsorption. Adsorbed proteins were eluted
from the column by increasing the KCl concentration in the buffer.
Active fractions (REP-2a and REP-2b) were combined and
subjected to subsequent gel filtration chromatography. B Two
active fractions, REP-2a and REP-2b, were re-separated by gel
filtration chromatography

Fig. 2A, B Gel-electrophoretic separation and N-terminal amino
acid sequences of rice REP-2a and REP-2b. A Fractions 15 and 16
obtained from gel filtration (Fig. 1B) were analyzed by SDS–
PAGE followed by silver staining or immunoblotting. REP-2a and
REP-2b differed in their molecular masses as estimated on the gel
(at 39 kDa and 40 kDa, respectively). Both REP-2a and REP-2b
cross-reacted with the antiserum against legumain on the mem-
brane. B The bands of both REP-2 proteins blotted on a PVDF
membrane were cut from the membrane, and the amino-terminal
amino acid sequences were analyzed with an automated sequence
analyzer ABI477A. X Unidentified residues

Table 2 Partial purification of
REP-2 from rice seedlings. The
asparaginyl endopeptidase
activity was measured using
Z-Ala-Ala-Asn-MCAas a
substrate. The values given for
QA-52 and Sephacryl S-200
represent REP-2a plus REP-2b

Purification step Total
protein

Total
activity

Specific
activity

Purification
(n-fold)

(mg) (U·10–3) (U/mg)

Crude extract 2,700 9.1 3.3 1
Ammonium sulfate 1,200 8.9 7.4 2.2
butyl-Cellulofine 13 0.6 48 14
QA-52 cellulose 0.75 0.13 168 51
SephacrylS-200 0.1 0.1 1,000 303
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bean legumain than VmPE-1 (Fig. 4; Senyuk et al. 1998;
Okamoto and Minamikawa 1999).

Expression of REP-2

Two-dimensional PAGE analysis using legumain anti-
serum revealed that REP-2a was not detectable in seeds
5 days after flowering (DAF). The level of REP-2b in
seeds started to increase from 25 DAF and reached a
maximum at 35 DAF. The amount of REP-2b tran-
siently decreased in the dry (quiescent) seeds, increased
again after imbibition, and reached a maximum level
around 2–4 days after imbibition began (DAI), whereas
the amount of REP-2a changed only slightly during this
period (Fig. 5).

Northern blot analysis showed that REP-2 mRNA
was not detectable in seeds 5 DAF but increased from
15 DAF, and its profile was similar to that of both
REP-2 proteins throughout the maturing and germi-
nating seed stages (Fig. 6). We prepared total RNA
from the shoots and the embryos with roots from 4-DAI
seeds. REP-2 mRNA was not detected in these tissues,
indicating that in germinating seeds, REP-2 mRNA is
expressed specifically in the aleurone layer.

Effects of plant hormones on REP-2 expression

The expression of REP-1 was controlled by GA3 and
ABA (Shintani et al. 1997). We were interested in

Fig. 3 Nucleotide sequence of pRAN151 and deduced amino acid
sequence of REP-2. Numbering starts from the adenine of the
initiation codon. The filled circle indicates a potential site of
glycosylation. The deduced amino acid sequence is described with a
one-letter code. The underlining shows amino acids corresponding
to the sequence of REP-2a. The filled triangle shows the putative
cleavage site of a signal peptide. The stop codon is indicated by an
asterisk. The arrows show the conserved region among plant
asparaginyl endopeptidases, which was designed for the degener-
ated primer

Fig. 4 A phylogenetic tree of plant asparaginyl endopeptidases.
The phylogenetic tree was constructed by the neighbor-joining
method (Saitou and Nei 1987). Numbers at branches indicate
bootstrap values (Felsenstein 1985). The following amino acid
sequences are used: a-VPE and b-VPE (Kinoshita et al. 1995a), c-
VPE (Kinoshita et al. 1995b), castor bean VPE (Hara-Nishimura
et al. 1993), jack bean legumain (Takeda et al. 1994), soybean
legumain (Shimada et al. 1994), VmPE-1 and VmPE-1A (Okamoto
et al. 1999), proteinase B (Becker et al. 1995), and human legumain
(Chen et al. 1997, used as the outgroup)
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whether REP-2 expression was controlled by these plant
hormones. We treated the de-embryonated seeds with
GA3, ABA, or only distilled water (mimic) for 5 days,
and measured the protein levels. In the de-embryonated
seeds, REP-2b started decreasing as soon as GA3

Fig. 5 Two-dimensional PAGE analysis of the levels of REP-2 in
maturing and germinating rice seeds. The levels of REP-2a and
REP-2b in seeds at the indicated stages were analyzed by two-
dimensional PAGE/immunoblot. Ampholines (Amersham Phar-
macia Biotech) of pH 3.5–10 and pH 5.0–8.0 were mixed at a ratio
of 2:1. The first nondenaturing PAGE and the second SDS–PAGE
were performed on 6% and 12.5% gels (w/v), respectively. Filled
circles and open triangles indicate REP-2a and REP-2b, respec-
tively. Asterisks show additional spots. DAF Days after flowering,
DAI days after imbibition began

Fig. 6 Expression of REP-2 mRNA in maturing and germinating
rice seeds. Total RNA was prepared from maturing, quiescent (0
DAI), and germinating seeds or each part of 4-DAI seedlings. The
RNA (10 lg) was electrophoresed on a 1.4% agarose (w/v) gel.
After electrophoresis, the gel was stained with methylene blue
(rRNA) or analyzed by RNA blotting with pRAN151 cDNA insert
as a probe

Fig. 7A–C The effects of ABA and GA3 on the levels of REP-2. A
De-embryonated seeds were incubated in the presence of 1 mM
GA3 for 5 days. The bands of both REP-2 proteins were visualized
with the antiserum against legumain. B, C De-embryonated seeds
were incubated in the absence of plant hormone ()), in the presence
of 10–6 M GA3 (GA3) or 10

–6 M ABA (ABA), and in the presence
of both plant hormones (G+A) for 5 days. The bands of REP-2
and REP-1 were visualized using antisera against legumain and
REP-1, respectively

Fig. 8 Genomic Southern blot of the REP-2 gene. Rice genomic
DNA (10 lg) was digested completely by 40 units of BamHI (B),
EcoRI (E), and XbaI (X), and electrophoresed on a 0.7% agarose
(w/v) gel. The DNA was transferred onto a nylon membrane and
hybridized with a 32P-labeled pRAN151 cDNA insert

681



treatment began and continued decreasing for 5 days,
whereas REP-2a was affected only slightly by the GA3

treatment (Fig. 7A). When water was used, both REP-2
proteins remained in de-embryonated seeds after 5 days
of treatment. The level of REP-2 was maintained in the
seeds treated with water or ABA but not with GA3

(Fig. 7B). However, when day-5 GA3-treated de-em-
bryonated seeds were treated with ABA, no increase in
REP-2 was observed (data not shown). In contrast,

Fig. 9 Nucleotide sequence of the rice REP-2 gene. The nucleotide
numbered ‘‘1’’ indicates the adenine of the putative initial
methionine. Arrows indicate the primers for amplification of the
REP-2 gene. The asterisk shows a termination codon. The amino
acid sequence of REP-2 appears under the nucleotide sequence
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REP-1 could be detected in de-embryonated seeds
treated with GA3 but not with water or ABA. ABA
treatment slightly supressed the accumulation of REP-1
(Fig. 7C; Shintani et al. 1997).

Structure of the REP-2 gene

Genomic Southern blot analysis using a full-length
REP-2 cDNA as a probe revealed only one main band
in each lane when the rice genome was completely
digested by EcoRI, BamHI, and XbaI (Fig. 8), indi-
cating that the REP-2 gene exists as a single gene in the
genome.

To isolate genomic clones for REP-2, six oligonu-
cleotide primers were designed in pRAN151 (REP-2
cDNA, Figs. 3, 9). The primers were used to amplify a
5.0-kb fragment, and sequencing it revealed that the
REP-2 gene (Rep2: DDBJ Nucleotide Sequence Data-
base accession no. AB081465) consists of eight introns
and nine exons (Fig. 10). The gene organization of
REP-2 is similar to that of legumain-type cysteine
endopeptidase genes of the Arabidopsis vacuolar pro-
cessing enzyme b-VPE (Kinoshita et al. 1995a). Addi-
tionally, the phylogenic tree indicated that REP-2 is
more similar to b-VPE than to a-VPE and c-VPE
(Fig. 4).

Discussion

Characterization of REP-2

We previously showed that the papain-family cysteine
endopeptidase, REP-1, exists in germinating rice seeds,
and is responsible for the degradation of a major seed
storage protein, glutelin. REP-1 has a long prosequence
following its signal peptide, as do SH-EP and EP-B,
well-studied plant papain-family proteinases, and their
prosequences are cleaved during maturation (Mitsuhashi

and Minamikawa 1989; Koehler and Ho 1990a; Kato
and Minamikawa 1996). Okamoto and Minamikawa
(1995) purified a processing enzyme, VmPE-1, from
V. mungo seeds which processed the 43-kDa SH-EP
precursor to a 36-kDa precursor, and they determined it
to be an asparaginyl endopeptidase. In general, aspar-
aginyl endopeptidases have strict substrate specificity
toward a synthetic substrate, Z-Ala-Ala-Asn-MCA, and
an examination of substrate specificity showed that
REP-2 also efficiently digested it (Table 1). The exo-
peptidase activity of the REP-2 fraction from hydro-
phobic chromatography was attributed to exopeptidase
coexistence. Furthermore, the antiserum against legu-
main, detected REP-2 on the nitrocellulose membrane
(Fig. 2A), indicating that REP-2 is an asparaginyl
endopeptidase that may act in the maturation of REP-1.

We showed that REP-2a and REP-2b have differ-
ent isoelectric points, although they share an identical
sequence on their amino terminal in the mature
enzyme. The relationship between these forms is an
interesting subject, and one possibility is that REP-2
is transcribed from one gene, with the differences in
isoelectric point and molecular mass being derived
from a difference in carboxy-terminal processing and/
or posttranscriptional modification such as glycosyla-
tion. This speculation is supported by the results of
Southern blot analysis using pRAN151 cDNA as a
probe (Fig. 8). We also attempted to select a cDNA
for REP-2 with the information obtained from the
amino-terminal sequence of REP-2. This isolated only
one cDNA for REP-2, pRAN151 (Fig. 3), and a
putative amino acid sequence of REP-2 was deter-
mined. The deduced amino acid sequence of REP-2
indicated that there is a potential N-linked glycosyl-
ation site at Asn153. Hara-Nishimura et al. (1995)
reported that asparaginyl endopeptidases are cleaved,
by themselves, on the carboxy-terminal side of Asn
residues exposed at the molecular surface, to form the
mature enzyme. There are three Asn residues in the
hydrophilic carboxy-terminal region of REP-2:

Fig. 10 Introns and exons of
REP-2 and related Arabidopsis
thaliana asparaginyl
endopeptidases. Open squares
and solid lines indicate exons
and introns, respectively. The
following gene structures are
used: a-VPE and b-VPE
(Kinoshita et al. 1995a), and
c-VPE (Kinoshita et al. 1995b)
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Asn338, Asn355, and Asn411 (Fig. 3). When the
autocleavage occurs within the carboxy-terminal
Asn338 or Asn355 residue without other posttran-
scriptional modifications, the putative molecular
masses of REP-2 are 39 and 40 kDa, respectively. The
difference in the molecular masses of these putative
transcribed proteins apparently corresponds to that
between REP-2a and REP-2b, as determined by SDS–
PAGE analyses.

Senyuk et al. (1998) proposed the separation of as-
paraginyl endopeptidases into two groups based upon
their amino terminal: within-VPE type and another
type, where Asp and Asn are the amino-terminal resi-
dues, respectively. The amino-terminal amino acid of
mature REP-2 was identified as Gly58 following Asp57,
coinciding with the result from the phylogenetic anal-
ysis (Fig. 4), indicating that REP-2 is a VPE-type
legumain.

Expression of REP-2 in maturing
and germinating seeds

REP-2 mRNA exists from 15 DAF through to 6 DAI;
similarly, both types of REP-2 are expressed in seeds
from the middle stage of maturation to germination,
suggesting that both forms function at that stage. This
result is consistent with that obtained by other groups:
Fischer et al. (2000) and Schlereth et al. (2000) reported
that the vetch (Vicia sativa) seed VPE-type of asparag-
inyl endopeptidase and its mRNA also exist in cotyle-
dons and axes of maturing and early germinating seeds.
In the developing seeds of this study, we observed the
gradual disappearance of additional spots that migrate
faster than both REP-2 proteins on the SDS–PAGE gel.
We could not identify these spots as other legumains,
but the profile of their disappearance (as in Fig. 7)
coincided with that in the vetch seed as observed by
Fischer et al. (2000). The possibility that the additional
spots are identical to the other legumains should not be
discounted. The differences in the migration and iso-
electric points found between the two additional spots
are similar to those found between REP-2a and REP-2b.
If these spots are not derivatives of REP-2, it is plausible
that they are proteins that are subjected to modifications
similar to REP-2.

The relation between the two forms of REP-2 is an
interesting subject; one hypothesis is that the 39-kDa
REP-2a is a digestion product of the 40-kDa REP-2b.
When de-embryonated seeds were incubated in the
presence of GA3, the level of REP-2b declined rapidly,
whereas REP-2a remained at pretreatment levels
(Fig. 7A). The reduction in REP-2b may be due to di-
gestion by other GA3-inducible proteinases such as
REP-1. If REP-2a is the digestion product of REP-2b,
REP-2a is likely to be digested more efficiently as the
level of REP-2b decreases. As judged by the Southern
blot, both REP-2 proteins are generated from a single
gene and their natures are essentially the same, so the

difference in the sensitivity to GA3 may reflect differ-
ences in posttranslational modification.

Possible role of REP-2

Asparaginyl endopeptidase was first identified as a
processing enzyme for the precursor of concanavalin A
in jack bean seed (Abe et al. 1993). Hara-Nishimura et al.
(1991) showed that the asparaginyl endopeptidase pro-
cessed several proprotein precursors to the mature form.
Rice glutelin, accounting for 80% of the total amount of
storage proteins, is known to be transcribed as a long
precursor and to process the carboxy-terminal Asn res-
idue like other storage proteins (Takaiwa et al. 1986;
Hara-Nishimura et al. 1993). Therefore, detectable
asparaginyl endopeptidases in maturing seeds, including
both forms of REP-2, may function cooperatively in the
processing of glutelin.

The expression profiles of REP-2 in various tissues
indicate that REP-2 functions in aleurone layers. REP-1
expresses specifically in aleurone layers of germinating
seeds and has a long prosequence like other papain-
family proteinases. The prosequence of SH-EP is cleaved
to form mature SH-EP by an asparaginyl endopepti-
dase, VmPE-1 (Okamoto et al. 1999). Previously, Hara-
Nishimura et al. (1995) reported that asparaginyl en-
dopeptidases cleaved the carboxy-terminal side of Asn
residues that are exposed at the surface of potential
substrates. The REP-1 precursor has four Asn residues
in the prosequence following the signal peptide (Kato
and Minamikawa 1996), all of which are positioned in a
hydrophilic region, suggesting that proREP-1 is cleaved
by REP-2.

Asparaginyl endopeptidases from kidney and vetch
beans were reported to act as a trigger for storage-pro-
tein digestion in germinating seeds (Senyuk et al. 1998).
We showed that the two REP-2 enzymes exhibit a no-
table difference in sensitivity to GA3. Senyuk et al.
(1998) reported that there are two types of asparaginyl
endopeptidase in germinating kidney bean cotyledons,
and suggested a difference in the roles of these enzymes
in germinating seeds. The expression profiles of these
enzymes are strictly different, and they speculated that
the form expressed early might act indirectly on the di-
gestion of storage proteins via the processing of other
endopeptidases, whereas that expressed later acts di-
rectly in the limited digestion of storage proteins. The
level of REP-2b was diminished by the addition of GA3,
whereas that of REP-2a was unaffected (Fig. 7A).
Hence, REP-2b might function in the processing of
REP-1 rather than in the limited digestion of storage
proteins, and REP-2a might function mainly in the
processing of REP-1 in germinating seeds.
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