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Hybrid sterility is a major form of postzygotic reproductive isola-
tion. Although reproductive isolation has been a key issue in
evolutionary biology for many decades in a wide range of organ-
isms, only very recently a few genes for reproductive isolation
were identified. The Asian cultivated rice (Oryza sativa L.) is divided
into two subspecies, indica and japonica. Hybrids between indica
and japonica varieties are usually highly sterile. A special group of
rice germplasm, referred to as wide-compatibility varieties, is able
to produce highly fertile hybrids when crossed to both indica and
japonica. In this study, we cloned S5, a major locus for indica-
japonica hybrid sterility and wide compatibility, using a map-based
cloning approach. We show that S5 encodes an aspartic protease
conditioning embryo-sac fertility. The indica (55-i) and japonica
(55-j) alleles differ by two nucleotides. The wide compatibility gene
(55-n) has a large deletion in the N terminus of the predicted S5
protein, causing subcellular mislocalization of the protein, and thus
is presumably nonfunctional. This triallelic system has a profound
implication in the evolution and artificial breeding of cultivated
rice. Genetic differentiation between indica and japonica would
have been enforced because of the reproductive barrier caused by
S5-i and S5-j, and species coherence would have been maintained
by gene flow enabled by the wide compatibility gene.
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R eproductive isolation plays important roles in speciation and
maintaining species identity and thus has remained a key
issue in evolutionary biology for many decades in a wide range
of organisms (1, 2). According to the stage of the barriers,
reproductive isolation can be divided into two general catego-
ries: prezygotic reproductive isolation and postzygotic reproduc-
tive isolation. Hybrid sterility is a major form of postzygotic
reproductive isolation. For decades, the Dobzhansky—Muller
model of deleterious allelic interactions for hybrid sterility has
been the subject of intensive investigations, especially in hybrids
between Drosophila species (2). However, only very recently, a
few genes for interspecific hybrid sterility in Drosophila have
been identified (2-7). In plants, a receptor-like kinase was
identified in Arabidopsis as mediating male—female interactions,
which may play a role in reproductive isolation in interspecific
crosses (8). An epistatic interaction was also identified in an
intraspecific cross of Arabidopsis as inducing hybrid necrosis,
another type of postzygotic isolation (9).

The Asian cultivated rice (Oryza sativa L.) grown worldwide is
divided into two major subspecies, indica (O. sativa L. ssp. indica)
and japonica (O. sativa L. ssp. japonica). It has been observed for
nearly a century that hybrids between indica and japonica usually
show low fertility (10-12), which is probably one of the best
known examples of reproductive barriers in plants. In contrast,
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a special group of rice germplasm, referred to as wide-
compatibility varieties (WCVs), is able to produce highly fertile
hybrids when crossed to both indica and japonica varieties (11).

Genetic analyses have identified a large number of loci
affecting hybrid fertility, which are further resolved into ones
causing female gamete abortion (13-16) and ones inducing
pollen sterility (16-19). It was established that S5 located on
chromosome 6 is a major locus for indica—japonica hybrid
sterility. Ikehashi and Araki (13) proposed that there are three
alleles at the S5 locus: an indica allele (S5-i), a japonica allele
(85-j), and a neutral allele (S5-n) also referred to as a wide-
compatibility gene (WCG). Plants from zygotes formed of S5-n
with either S$5-i or S5-j would be fully fertile, whereas plants
genotypically $5-i/55-j would be highly sterile. Results of several
studies support this proposal (20-25). Furthermore, it was
determined that the sterility of the $5-1/S5-j hybrid was primarily
caused by female gamete abortion (16, 22). However, nothing is
known at present about the genes controlling reproductive
barriers in rice.

Aspartic proteases (APs) constitute one of the four super-
families of proteolytic enzymes and are distributed in a wide
variety of organisms including animals, plants, fungi, bacteria,
and viruses (24, 25). Much of our knowledge on the roles of APs
comes from microbial and animal studies. A striking example
found in humans is that a membrane-anchored AP has Alzhei-
mer’s disease B-secretase activity (26). In plants, APs have been
identified from a number of tissues in diverse species including
rice (27, 28). Results from Arabidopsis studies indicated that they
are involved in disease resistance signaling (29) and programmed
cell death in reproductive tissues (30). However, definite bio-
logical functions of these enzymes in vivo for any process in any
plant have yet to be established.

Here we show that S5 encodes an AP. The indica (S5-i) and
Jjaponica (S5-j) alleles differed by two nucleotides. The WCG
(85-n) had a large deletion in the N terminus of the predicted S5
protein, which would cause subcellular mislocalization of the
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Fig. 1. Fertility of ORF5-NJ11 transgenic-positive and -negative plants with Balilla as the recipient. (A) Spikelet fertility of positive (left, sterile) and negative
(right, fertile) Tq segregants. (B) Top, embryo sacs of negative (left, normal) and positive (right, abortive) plants; Bottom, pollen of negative (left) and positive
(right) plants. Scale bars: 50 um. (C) Fertility scores (error bar = 1 SEM) of transgene positive and negative plants in To (Top) and a T; family (Bottom). There are
29 positive and 4 negative plants in To and 15 positive and 14 negative segregants in the T; family (B10).

protein and thus is presumably nonfunctional. This triallelic
system has a profound implication in the evolution and artificial
breeding of cultivated rice.

Results

Map-Based Cloning of S5. Qiu ez al. (22) delimited S5 to a 40-kb
DNA fragment containing five ORFs (ORFs1-5), whereas Ji et
al. (23) mapped this locus to a 50-kb region. The targeted
S$5-containing regions of the two mapping results overlapped by
a fragment of 24.8 kb [supporting information (SI) Fig. S1],
where two complete ORFs (ORF4 and ORFS) were predicted.

Because the sterility occurs only when the plant is genotypi-
cally $5-i/85-j, or having $5-i and S5-j alleles simultaneously, the
strategy that we adopted for verifying the candidate gene was
transformation of a japonica variety (homozygous for $5-j) with
$5-1, such that sterility would be expected in the transformants
(genotypically S5-j/S5-j + S5-i). To do this, transformation
constructs were prepared for ORF3, ORF4, and ORFS, with the
constructs for ORF3 and ORF4 obtained by cutting the corre-
sponding genomic DNA fragments of a clone from a bacterial
artificial chromosome library of Zhenshan 97 and the construct
for ORF5 by PCR amplification of the genomic DNA from
Nanjing 11 (Fig. S2). Both Zhenshan 97 and Nanjing 11 are
indica, and their hybrids with japonica varieties show greatly
reduced fertility (12). The constructs were introduced into the
Japonica variety Balilla, resulting in 43, 74, and 33 independent
Ty plants for ORF3, ORF4, and ORF?, respectively.

Examination of the spikelet fertility of the T, plants under
natural field conditions showed that there was not a statisti-
cally significant difference between the transgene-positive and
-negative plants of ORF3 or ORF4 (Table S1), indicating that
neither of them is a likely candidate for §5. By contrast,
transgene-positive and -negative plants of the ORFS5 construct
(hereafter referred to as ORF5-NJ11) showed a highly signif-
icant difference in spikelet fertility; the average spikelet
fertility (53.3%) of the negative plants was much higher than
that (2.8%) of the positive plants (Fig. 1 and Table S1).

As hybrid sterility imparted by S5 is due to embryo-sac
abortion (16), we examined the embryo sac as well as pollen
fertility of the ORF5-NJ11-transformed T, plants. Whereas
pollen fertility was not significantly different between the trans-
gene-positive and -negative plants, a highly significant difference
in embryo-sac fertility was observed between them (Fig. 1 and
Table S1), strongly suggesting ORFS5 to be the candidate for S5.
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Because the ORF5-NJ11 transgene-positive plants showed a
very high rate of embryo-sac abortion, T, plants harboring a
single-copy transgene were used as the male parents to cross with
the wide-type parent Balilla, and fertility of the resulting F; (T;)
families was again examined. A total of 29 plants were obtained
from one of the F; (T,) families (B10), of which 15 were positive
and the remaining 14 negative, and examined in the natural rice
field (Fig. 1). Whereas the negative segregants showed normal
spikelet fertility (89.4%), no seed was produced by the positive
segregants. The embryo-sac fertility of the negative segregants
ranged from 83.3 to 97.8% with an average of 92.3%, whereas
that of the positive segregants ranged from 0 to 5.0% with an
average of 1.3%. There was no significant difference in pollen
fertility between the positive and negative segregants. Similar
results were also observed in an analysis of 33 F; (T;) plants
obtained from three other families grown in a greenhouse in the
winter (Table S1). Such perfect cosegregation between the
transgene and embryo-sac fertility (hence spikelet fertility)
further confirmed that the product encoded by ORFS5 is the
cause of the embryo-sac fertility in the indica—japonica hybrid,
and we thus concluded that ORFS5 is the S5 gene.

The S5 Gene Encodes an AP. The predicted coding sequence of S5
is 1419 bp based on the annotated genomic sequence of the
cultivar Nipponbare (31). The genomic sequences of Balilla and
Nipponbare are identical in this region. The S5 transcripts of
Nanjing 11 and Balilla determined by rapid amplification of the
cDNA ends (RACE) and PCR amplification were 1911 and 1912
bp in length, respectively, with three noticeable differences
between them (Fig. 2). Using the Balilla cDNA sequence as the
reference, an adenosine (A) was deleted in Nanjing 11 at 172 bp
downstream of the predicted translation termination site, de-
creasing the transcript length by 1 bp. There were two nucleotide
substitutions in the predicted coding sequence, both of which
caused amino acid substitutions (Fig. 2 and Fig. S3). Alignment
of the transcript with the Nipponbare genomic sequence showed
that the S5 transcript consisted of three exons, and the coding
sequence was located only in two exons (Fig. 2).

The predicted S5 protein, 472 aa in length, has significant
similarity (E = 2¢79) with members of eukaryotic APs
(pfam00026) (Fig. S4). Two active sites containing Asp (D) residues
characteristic of the APs (25) were identified with a PROSITE
analysis (http://www.expasy.ch/cgi-bin/prosite/). A signal peptide
was identified using SignalP 3.0 (http://www.cbs.dtu.dk/cgi-bin/)
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Fig.2. The sequence features of the S5 transcripts from 02428 (WCV), Balilla
(japonica), and Nanjing 11 (indica).

(Fig. S3). However, it does not have the plant-specific sequence
found in many plant APs (27).

APs have optimal activity at acidic pH and are inhibited by
pepstatin A (25). To assess whether S5 is an AP, an in vitro
protease assay of the S5 protein obtained by expressing the
cDNA from Balilla in Escherichia coli was conducted, which
showed that the activity of S5 was low but detectable in acidic
pH, the highest at pH 3.0, and greatly reduced with the addition
of pepstatin A (Fig. 34). We also tested the autoproteolytic
activity of S5, which showed that the protein could cleave itself
especially at pH 2.5-4.0 (Fig. 3B). Similar results were also
obtained in a protease assay using the cDNA from Nanjing 11
and an equal mixture of protein from Balilla and Nanjing 11
(data not shown). These results were consistent with a previous
in vitro activity assay of eukaryotic AP (28), demonstrating that
the S5-encoded protein is indeed an AP.
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Fig.3. Invitro assay of protease activity of S5. (A) Absolute activity measured
asthe spectrophotometer reading with that of water control set to zero (Top),
and relative activity by using the highest activity (pH 3.0) as the reference
(Bottom). The open bars are the readings of protease activity assays and the
shaded bars are the readings of the pepstatin inhibition assays. Error bars = 1
SEM. (B) SDS-PAGE showing the protein bands of the autolytic products in a
series of pH buffers (Top), and immunoblot confirmation of the S5 autolytic
products by using Anti-CS5 and Anti-NS5 as the probes (Bottom). The lanes
marked Ct are the controls. The molecular weight on the right side of the top
section and the left side of the bottom section was estimated on the basis of
size markers (as shown on the left side of the top section).
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Expression and Subcellular Localization. To investigate the expres-
sion profile of S5, we searched a dataset of whole-genome
expression arrays of two indica cultivars Zhenshan 97 and
Minghui 63 with RNA samples from 25 tissues spanning the
entire life cycle of the rice plants (Fig. S5). It can be seen that
expression of S5 is extremely low throughout the life cycle, only
at the background level in almost all of the stages.

We analyzed the expression of S5 in the developing panicles
during stages 3-8 (see legend of Fig. S6 for description), in
comparison with the leaves harvested at the corresponding
stages. S5 expression was not detectable in leaves, whereas
variable levels of expression were observed in the developing
panicles in all three genotypes, Balilla, Nanjing 11, and 02428
(Fig. S6A4). Real-time PCR was also performed using developing
panicles at stage 6 to compare the S5 expression levels in the
three parents and their hybrids. The analysis revealed significant
differences in S5 expression among the three parents as well as
among the hybrids (Fig. S6B). Obviously these differences were
not correlated with the fertility levels.

RNA in situ hybridization showed that S5 has a localized
expression in the ovule tissues including nucellus, integument,
megasporocytes, and megaspores during megaspore develop-
ment (Fig. 44-C), consistent with the observed effect on em-
bryo-sac abortion.

Posttranslational transport and activation of APs involves
complex processing (32), which makes it difficult to determine
the subcellular localization of S5 by using a transgenic approach
by fusing the protein with a reporter. We used immunogold
labeling and transmission electron microscopy (TEM) tech-
niques to assay the subcellular localization of S5, using sections
of nucellar tissues where the gene showed relatively high ex-
pression. It was revealed that the gold particles were distributed
in large quantity in the cell walls, whereas in very small quantity
in other subcellular compartments (Fig. 4 E-H and Fig. S7A-F).
Thus, the final destination of this protein is the cell wall,
consistent with the nature of a secreted protein as predicted by
the signal peptide.

The WCG. To gain insight into the WCG S$5-n, the genomic
sequence of the WCV 02428 was compared with Nanjing 11 and
Balilla, with the features illustrated in Fig. 2. In the region of
transcribed sequences, there was a major difference among the
three genotypes resulting from two deletions in 02428 relative to
the other two genotypes, a total of 136 bp that were separated
by a TAAT motif in the first exon. Of the 136-bp sequence, 67
bp occurred downstream of the predicted the translation start
site (TSS) ATG and the other 69 bp upstream the TSS (Fig. 2).
The rest of the sequence in 02428 was the same as Nanjing 11
except an AT insertion in the 3'UTR of 02428 relative to the
other two genotypes.

Because the 136-bp deletion in 02428 involved the predicted
TSS, the first 115 amino acids in the N terminus would be lost,
assuming the next in-frame ATG would serve as the TSS leading
to read-through. This would result in the loss of the entire signal
peptide plus a fragment of 87 amino acids. Consequently, the
encoded protein in 02428 would not enter the secretory pathway
and thus end in a different destination compared with the indica
and japonica varieties. To assess whether this is indeed the case,
subcellular localization of S5 in 02428, Balilla, and Nanjing 11
was assayed by immunogold and TEM techniques using sections
of the nucellar tissues (Fig. 4 E-H and Fig. S7 A-I). It was
revealed that the gold particles occurred in large quantity in the
cell walls, but were hardly detectable in the cytoplasm in Nanjing
11 and Balilla. In contrast, very few gold particles were observed
in cell walls of 02428, but occurred in relatively large quantity in
the cytoplasm, especially in mitochondria. It is highly likely that
such mislocalization of the protein in the cellular compartments
impairs the normal function of the protein.
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Fig. 4.

Expression of the S5 gene and subcellular localization of S5. (Top) In situ hybridization using an antisense probe showing expression in nucellar and

archesporial cells (02428) (A), integuments and megasporocytes (Balilla) (B), and integuments and megaspores (Nanjing 11) (C), with the sense probe as the
negative control (D). A is a transection, and B-D are longitudinal sections. Scale bars: 25 um. (Bottom) Subcellular localization of the S5 protein in nucellar cells
by immunogold and TEM techniques showing a large quantity of gold particles in the cell wall of Nanjing 11 (E) and Balilla (F) and few particles in the cell wall
of 02428 (G). The one without the primary antibody is the negative control (H). Scale bars: 0.5 um. Arrows indicate the gold particles. C, cytosol; CW, cell wall;

M, mitochondrion; V, vacuole.

On the basis of the hypothesis that S5-n is a nonfunctional
allele, it was predicted that transgenic plants produced by
transformation of 02428 with S5-i would behave like an indica
genotype with respect to its indica—japonica compatibility. To
test this hypothesis, the ORF5-NJ11 construct was introduced to
02428. Two plants with a single-copy transgene, C02 and C04,
were obtained, both of which showed normal fertility (spikelet
fertility 70 and 86%, respectively). T; progenies derived from
these two plants were test-crossed with Balilla and Nanjing 11,
and the resulting progenies were examined for embryo-sac
fertility and spikelet fertility. As expected, no significant fertility
difference was detected between the transgene-positive and
-negative segregants in progenies from the cross with Nanjing 11,
whereas, in progenies from the cross with Balilla, fertility of the
positive plants was much lower than that of the negative plants
(Table S2). These results strongly support the hypothesis that
$5-n is a nonfunctional allele.

Generality of the Triallele System. To inspect whether the above-
described features of sequence differences exist in a broader
range of rice germplasms, we obtained S5 genomic sequences for
a total of 16 varieties representative of indica, japonica, and
WCVs from a wide geographical area and with no related
pedigrees according to the available information (Table S3). The
predicted protein sequences of these varieties fell naturally into
three groups: indica, japonica, and WCV (Fig. S3). All of the
japonica varieties have identical sequences featured by the
variant amino acid combination of Leu-273 (L) and Val-471 (V),
and all indica varieties shared the Phe (F) and Ala (A) combi-
nation at the corresponding sites, although another variant
amino acid was also detected at amino acid 423 in an indica
cultivar 9311 that has a Ser (S) instead of a Pro (P) as in all other
varieties. All of the WCVs had the 115-aa deletion at the N
terminus. Such sequence differences are consistent with the
functional classification of the varieties, suggesting that this
triallelic system is a widespread phenomenon in the species O.
sativa.

Discussion

The coexistence of indica, japonica, and WCVs is a unique and
spectacular outcome of the evolution in rice, in which the §5
locus would have played a significant role. Genetic differentia-

Chen et al.

tion between indica and japonica varieties has been frequently
reported, which appears to be a major source of genetic diversity
in the cultivated rice gene pool (33-36). The present results
clearly imply that the $5-i/S5-j hybrid sterility has been an
important promoting factor for the indica—japonica differentia-
tion during the evolution of rice O. sativa. In contrast, the WCG
provides an opposing force allowing for hybridization and gene
flow, at least in artificial crosses. The counteractive effects of the
triallelic system suggest a dynamic relationship between adaptive
differentiation and genetic coherence of the cultivated rice
species during evolution and artificial selection. Thus, although
S5 may not be essential for growth, development, or reproduc-
tion as indicated by the complete normality of the plants
homozygous for S5-n, it nonetheless provides a coherent force
for holding different parts together at the species level.

Evidence from the current study suggests that the function of
S5, although not fully understood, is centered on megaspore
formation or survival. Analysis of the molecular variations may
shed light on the functional differences of the three alleles.
Crystal structure analysis established that an AP has three
domains, the central domain, the N-terminal lobe, and the
C-terminal lobe (27, 37). The central domain consists of residues
from three regions, the N-terminal end, the central part, and the
C-terminal end. By sequence alignment, it can be deduced that
both of the mutant sites in S5, amino acids 273 and 471, are
located in the central domain. Of the two variant residues,
Phe-273 (F) is conserved across a large range of organisms from
plants to animals and humans, whereas amino acid 471 is highly
variable (Fig. S4, ref. 37). However, the conserved Phe-273
(hydrophobic and aromatic) is replaced by Leu (hydrophobic but
nonaromatic) in S5-j. This change may reduce the stability and
activity of the enzyme. Moreover, if S5-n started at the second
Met (Fig. S3), the N-terminal segment of the central domain
would be completely lost, which would greatly affect the stability
and activity of the enzyme, in addition to the mislocalization due
to the loss of the signal peptide. However, how such likely
reduced activity is related to the embryo-sac fertility remains to
be characterized.

The molecular nature of the WCG elucidated in this study has
important implications in rice genetic improvement. Hybrids
between indica and japonica rice often show strong heterosis in
yield-related traits, compared to intra-subspecific hybrids. How-
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ever, it has been difficult to use such heterosis in breeding
programs because of hybrid sterility. With the discovery and
molecular characterization of the WCGs, exploitation of the
inter-subspecific heterosis by developing inter-subspecific hy-
brids has become a reality. The present results also provided
functional markers for WCG germplasm screening and WCV
development in rice breeding programs.

Materials and Methods

Rice Varieties, Transformation, and Assay of Transgenic Plants. A total of 16 rice
varieties (Table S3), including 5 indica, 4 japonica, and 7 WCVs, were used in
this study.

Transformation was conducted according to a published protocol (38). For
preparing the constructs, genomic fragments were ligated into the vector pCAM-
BIA1301 (39) and transformed into the Agrobacterium strain EHA105. For the
OREFS5 construct (Fig. S2), a DNA fragment of 5465 bp was PCR amplified from the
genomic DNA of Nanjing 11, using primers ASPHF and ASPHR (Table S4).

Copy number of the transgene was determined using Southern blot hy-
bridization. For segregation analysis, the progeny plants were stained for GUS
activity (40) and also PCR amplified for the GUS gene fragment, using primers
GUS1.6F and GUS1.6R (Table S4). An internal marker in the S5 sequence was
obtained by amplifying the genomic DNA with primers dCAPS-F and dCAPS-R
(Table S4), resulting in a fragment of 130 bp in length from both Balilla and
Nanjing 11. Digestion of the Balilla fragment with Hindlll resulted in two
fragments of 110 and 20 bp that can be well separated by agarose gel
electrophoresis.

Plant Growth and Fertility Examination. Transgenic plants were grown in the
field in the normal rice growing season in Wuhan, China, and in a greenhouse
in the winter time. During flowering time, 30-80 florets per plant from the
middle and upper parts of the panicles were sampled for examining embryo-
sac fertility, using the whole stain-clearing method (16). Anthers of 6-9
mature flowers from each plant were sampled for examining pollen fertility,
using the 1,-KI staining method. A total of 300-800 pollen grains were
observed per plant. The whole plants were harvested for examining spikelet
fertility scored as the ratio of the number of filled grains to the total spikelets.

Determining the Full-Length Transcripts. Leaves and developing young panicles
were harvested from field-grown plants and stored in liquid nitrogen. Total
RNA was isolated using a RNA extraction kit (TRIzol reagent, Invitrogen). For
synthesizing the first-strand cDNA, 1 ug total RNA was reverse transcribed
using the protocol provided by the SMART RACE ¢cDNA amplification kit
(Clontech) with a final volume to 100 pl.

For 5'-RACE, the first round of amplification was conducted according to the
protocol provided with the Advantage 2 PCR kit (Clontech), using primer S5-GSP1
(Table S4) and the UPM adapter primer from the kit. For the second round of
amplification, the PCR product from the first round was diluted x50, and 1 pl of
the dilution was used as the template. The amplification was conducted using the
nested primer S5-R1 together with the adapter primer NUPM provided in the kit.
The 3'-RACE was essentially the same except that primer S5-GSP2 was used with
UPM in the first round of reaction, S5-RACE 4 was used with NUPM in the second
round of reaction, and the dilution was x30.

To recover the internal sequence of the transcripts, RNA isolated from
leaves at the young panicle development stage was reverse transcribed in a
20-pl reaction by using DNase | and SuperScript Il (Invitrogen) according to the
manufacturer’sinstruction. Primers were designed according to the sequences
within the boundaries defined by the cDNA ends (Table S4 and Fig. S8) for PCR
amplification of the reverse-transcription products. The PCR was in a 20-ul
volume containing 1 ul template.

RNA in Situ Hybridization. Tissue preparation, in situ hybridization, and
detection were as described previously (41). For preparing the probe, the
predicted ORF5 was amplified from Nipponbare by PCR using a pair of primers
with added Bglll and Xhol restriction sites and ligated to pGEM-T (Promega).
This clone (named cDORF5) was digested with Ncol and self-ligated to recover
532 bp unique sequence of S5. The sense and antisense RNA probes were
produced by T7 and SP6 transcriptase labeled with digoxigenin (Roche).
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Preparation of the Antibodies. The antibodies were made by Eurogentec
(Belgium). Two peptides, PIFDPGRSYTSRRVRC and IGYHRTSRARQESYIC near
the N and C termini of the S5 protein (Fig. S3), were synthesized for immuno-
injection, and the corresponding antibodies were named anti-NS5 and anti-
CS5, respectively. The specificity of the antibodies was tested by a competition
experiment, in which the antibody was mixed with an excessive amount of the
antigen polypeptide. The mixture was used as the probe to hybridize with
membrane blotted with E. coli-expressed S5 proteins, compared with ones
using the antibody as the probe. The results showed that both antibodies are
highly specific.

Expression and Purification of S5 in E. coli. The insert in cDORF5 described
above was subcloned into pMAL-c2x expression vector (Biolabs) to generate
PMAL-S5, in which S5 is fused at the C terminus of the maltose-binding
protein. pMAL-S5 was introduced into E. coli strain BL21(DE3), and expression
of S5 was induced by the addition of isopropyl 1-thio-B-D-galactopyranoside
(IPTG; final concentration, 0.5 mM) when the A600 of the cells grown at 37°C
had reached 0.6. After 3 h, the cells were harvested and resuspended in
column buffer (20 mM Tris-HCI, 200 mM NacCl, 1 mM EDTA, pH 7.0) and stored
overnight at —20°C. The fused protein was purified according to the pMAL
Protein Fusion and Purification Instruction Manual (Biolabs).

Assay of Protease Activity. Proteolytic activity of the S5 protein was assayed
using a fluorescein isothiocyanate (FITC)-casein derivative from the Protease
Fluorescent Detection kit (Sigma) according to the manufacturer’s instruc-
tions. Briefly, 20 ul purified pMAL-S5 (10 ng) was incubated with an equal
volume of each pH buffer (0.1 M Gly-HCl, pH 2.5; 0.1 M sodium citrate, pH 3.0,
pH 3.5, pH 4.0; 0.1 M sodium acetate, pH 5.0; and 0.1 M sodium phosphate, pH
6.0) and 20 ul of FITC-casein solution. For pepstatin A inhibition assay, pep-
statin A was added to a final concentration 0.15 mM, and an equal volume 0.1
M sodium citrate (pH 3.0) was added. The reactions were at 37°C for 15 h and
stopped by adding 100 ul of 0.6 N tricarboxylic acid. After centrifugation at
12,000 X g for 10 min, 100 ul of supernatant of each sample were transferred
to a second tube, to which 2 ml of 0.5 M Tris-HCl (pH 8.5) were added. Enzyme
activity was obtained by measuring fluorescence using a fluorescence spec-
trophotometer (Hitachi 850). A control assay was conducted simultaneously to
provide the background reading, using water in place of the S5 protein.

Autolysis of pMAL-S5 Fusion Protein. For autolysis assay, 20 ul purified pMAL-S5
(10 ng) were incubated with 0.5 volume of each pH buffer described above to
allow autolysis overnight at 37°C, with the one adding column buffer as the
control. The autolytic products were displayed in a 12% SDS-PAGE gel, using
the minigel system (Bio-Rad) according to the manufacturer’s instructions.

For immunoblot, the protein samples were blotted onto a polyvinylidene
difluoride membrane (Millipore) and probed with the antibodies according to
standard protocols (42).

Immunolocalization of S5 by TEM. Ovaries at the stage of megasporocytes were
collected and fixed in a mixture of 4% paraformaldehyde and 0.5% glutar-
aldehyde in 0.01 M phosphate buffer (pH 7.2). Immunolocalization of S5 was
performed essentially as previously described (43). Samples were dehydrated,
infiltrated, and finally embedded in Lowicryl K4M (Electron Microscopy Sci-
ences, Catalog 14330). Ultrathin sections cut on a Sorvall MT-6000 ultratome
and mounted on formvar-coated nickel grids were first incubated in PBST [0.1
M phosphate buffer (pH 7.2) containing 0.1% Tween-20] containing 0.2 M
glycine and 1% BSA for 20 min in order to block unspecific binding, and then
in 1:20 diluted anti-NS5 for 5 h at 37°C. After rinse, sections were incubated in
1:10 diluted goat anti-rabbit 19G [labeled with colloidal gold (diameter 10
nm); Sigma, Catalog G7402] for 2 h at 37°C, washed and stained with saturated
uranyl acetate, and examined and photographed on a JEM-100CX/Il transmis-
sion electron microscope. Control experiments were performed simulta-
neously with omission of anti-NS5.
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