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We report the identification of Schizosaccharomyces pombe mde10� as a gene possessing a FLEX element,
which forms a binding site for the meiosis-specific transcription factor Mei4. In fact, mde10� is transcribed
only in diploid cells that are induced to meiosis in a Mei4-dependent manner. Western blot analysis indicated
that the epitope-tagged Mde10 protein accumulates transiently during meiosis and then rapidly decreases.
Mde10 is a multidomain protein containing a metalloprotease catalytic domain, a disintegrin domain, a
cysteine-rich domain, and membrane-spanning regions, all of which are shared by members of the mammalian
ADAM family. A fusion protein of Mde10 and green fluorescent protein localized to the endoplasmic reticulum
during meiosis and was located at the peripheral region of spores at the end of meiosis. An mde10� deletion
mutant showed no apparent defects in meiosis, sporulation, or spore germination. However, the mutant spores
exhibited an aberrant surface appearance, in which the ragged outer spore wall was lost to a large extent.
Furthermore, mde10� spores were found to be less tolerant to ethanol and diethyl ether than were wild-type
spores. The mutagenic replacement of the conserved glutamic acid in the putative protease active site with an
alanine residue did not affect the surface morphology or the resistance of spores to environmental stress. Our
observations indicate that Mde10 is important in the development of the spore envelope, although this function
of Mde10 seems to be independent of its metalloprotease activity.

Gametes in multicellular organisms differentiate into mor-
phologically and functionally specialized cells—most typically,
into sperms and eggs. Sporulation in single-celled eukaryotes
such as yeasts is a morphogenetic process that is equivalent to
gametogenesis because an ascospore is a highly specialized cell
and its formation is preceded by meiosis. In morphogenesis
and cell differentiation in multicellular organisms, the control
of gene expression is extremely important; in addition, DNA
microarray analyses have demonstrated that transcriptional
regulation occurs during gametogenesis in yeast (5, 40).

The forkhead DNA-binding protein Mei4 of the fission yeast
Schizosaccharomyces pombe has been identified as a meiosis-
specific transcription factor that plays an important role in the
progression of meiosis and sporulation (17). To date, approx-
imately 30 genes whose transcription is dependent on Mei4
have been found, including spo4� and spo6�, which encode the
Cdc7/Dbf4-related protein kinase complex (30–32, 46). An in
vitro binding assay with recombinant Mei4 proteins and the 5�
upstream region of spo6� has demonstrated that a short DNA
stretch of 14 nucleotides, designated the FLEX element, con-
stitutes the recognition site for Mei4 (17). The FLEX element
contains a heptamer core sequence, GTAAACA, which is
highly conserved among the recognition sequences of mamma-
lian transcription factors with a forkhead DNA-binding do-
main, such as human FREAC proteins (37).

A search of the S. pombe genome sequence database (The
Wellcome Trust Sanger Institute, Hinxton, United Kingdom)
with a query of the FLEX nucleotides (1) revealed an addi-
tional set of genes. The DNA microarray data (28) indicated
that at least 23 genes among this additional set are upregulated
by the induction of meiosis. We noted that the mde10� gene
(SPAC17A5.04) encodes a metalloprotease of the ADAM (for
“a disintegrin and metalloprotease”) family. The ADAM pro-
teins are highly conserved zinc-binding proteases and are
mostly membrane-anchored glycoproteins (3). ADAM pro-
teins are commonly composed of a prodomain, a metallopro-
tease domain, a disintegrin domain, a cysteine-rich domain,
and an epidermal growth factor-like domain. They also contain
a signal peptide and thus are transported to the plasma mem-
brane via the endoplasmic reticulum (ER) and the Golgi ap-
paratus. In their carboxy-terminal region, they usually contain
one transmembrane domain, from which the cytoplasmic tail
extends towards the C terminus. ADAM proteins are impor-
tant in diverse cellular and developmental processes, such as
the binding and fusion of sperms and eggs, and the processing
of some cytokines and their receptor proteins (47, 48). Roughly
half of the reported metazoan ADAM proteins are widely
expressed in somatic tissues, although the others are exclu-
sively or predominantly expressed in the testis and epididymis
(41). ADAM-related proteases have not been found in unicel-
lular eukaryotes; in fact, the genome of Saccharomyces cerevi-
siae contains no genes encoding ADAM-related proteins.

In this report, we describe the characterization of the
mde10� gene product and the phenotype of mde10 null mu-
tants. We show that Mde10 is expressed in meiotic cells and is
not essential for growth. Mde10 is localized to the ER during
meiosis and at the spore surface at the end of meiosis. Spores
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from mde10� mutants exhibit abnormal surface morphology
and are less tolerant to organic solvents. These data suggest
that the fission yeast ADAM-related protein Mde10 is involved
in the morphogenesis of spores.

MATERIALS AND METHODS

Yeast strains and culture conditions. The S. pombe strains used in this study
are listed in Table 1. The cells were grown on yeast extract agar complete
medium or SD minimal medium. The liquid medium, MML�N, was also used
for growth. Mating and sporulation were induced either on a malt extract agar
medium or on a synthetic sporulation agar (SSA) media. Sporulation was also
induced in MML�N and synthetic sporulation liquid (SSL) media. In some
experiments, synchronous meiosis was conducted with pat1 mutants (18, 19, 35).
The temperature-sensitive pat1-114 mutant cells were transferred to PM�N and
then shaken at 24°C for 15 h to arrest the cell cycle at the G1 phase. Cells were
then shifted up at 32°C to start meiosis in a synchronous fashion. Culture media
used in this study have been described previously (8, 14, 29). Yeast transforma-
tion was carried out by the lithium acetate method (36).

Gene disruption of mde10�. The mde10::ura4� null allele was produced by
one-step gene replacement (38) as follows. A 5,275-bp DNA fragment containing
the mde10� open reading frame (ORF) was amplified by PCR with the forward
primer 5�-CCACCGTTTGGGCCG-3� and the reverse primer 5�-CCAAGATG
CGAGGCC-3�. The amplified fragment was cut by EcoRI and then cloned into
pBluescript-II SK� (Stratagene, La Jolla, Calif.). To disrupt mde10�, a 0.6-kb
NdeI fragment was replaced by the 1.8-kb ura4� cassette (13). The resultant
3.8-kb EcoRI fragment containing the mde10::ura4� allele was introduced into
the recipient haploid strain JY878, and a few stable Ura� transformants were
isolated. Disruption was confirmed by Southern blot analysis of genomic DNA
that had been completely digested with EcoRI, with an EcoRI fragment con-
taining mde10� as a probe (see Fig. 6B). Some of the stable Ura� transformants
were crossed with a wild-type homothallic strain, and the hybrid diploids were
sporulated. In most asci, the ura4 marker was segregated regularly.

Plasmid construction. The mde10� gene was amplified from genomic DNA by
PCR with the primers 5�-GGGGATTACGACTTTTGCTATTGCAGTGCT-3�
and 5�-CGTCGCCGACAAGGTTGAATGGGCCCGTGA-3�. The amplified
fragment was first cloned into the pGEM-T easy vector (Promega), and then the
SalI/BamHI fragment containing mde10� was subcloned into pAL-KS, yielding
the plasmid pAL(mde10�).

To construct the mde10-GFP fusion gene with transcription driven by the
native mde10� promoter, a genomic DNA stretch from nucleotide �1049 up-
stream of the initiation codon to the end of the ORF was amplified by PCR with
a pair of oligonucleotides, 5�-GCCGTCGACCGATCATAGCTTTCACTAGA
T-3� (the SalI site is underlined) and 5�-GGGGCGGCCGCCCCAGAAAAAC
CATGCTAT-3� (the NotI site is underlined). The PCR product was digested
with SalI and NotI and then ligated into the same site of pTN143 (20), which
contains the Aequorea gene for green fluorescent protein (GFPS65T). The result-
ing plasmid, referred to as pAL(Mde10-GFP), contained the fusion gene encod-
ing GFP fused to the C terminus of Mde10. Similarly, we constructed a vector
expressing a GFP-tagged variant of Mde10 in which the codons for the 19
C-terminal amino acid residues were deleted. The PCR primers used in this case
were 5�-GCCGTCGACCGATCATAGCTTTCACTAGAT-3� (the SalI site is
underlined) and 5�-GGGGCGGCCGCCAAGCGATGGTTGTTTAGA-3� (the

NotI site is underlined). The PCR products were digested with SalI and NotI and
ligated into the same sites of pTN143, yielding the plasmid pAL(Mde10�C-
GFP).

A single copy of the mde10-GFP fusion gene was integrated into the mde10
locus on chromosome I as follows. Using S. pombe genome DNA as a template,
the DNA fragments carrying the mde10 ORF were amplified with a pair of
primers, 5�-GCCGTCGACCATGCGGCTCGTTTTACTGTT-3� (the SalI site is
underlined) and 5�-GGGGCGGCCGCCCCAGAAAAACCATGCTAT-3� (the
NotI site is underlined). The PCR products were digested with SalI and NotI and
then cloned into the same sites of the integration plasmid pTN219 (31) to yield
pIL(�mde10-GFP). The resulting fusion gene lacks the promoter sequence.
Plasmid pIL(�mde10-GFP) was cleaved by HindIII and then introduced into the
leucine auxotrophic (leu1-32) strain TN8. A homologous recombination event
can generate a single copy of the intact med10-GFP gene at the chromosomal
mde10 locus, and a few Leu� integrants were obtained. Accurate integration was
confirmed by PCR analysis.

Mde10 tagged with the hemagglutinin (HA) epitope was constructed as fol-
lows. First, using the S. pombe cDNA library (T. Nakamura, unpublished data)
as a template, the mde10� cDNA was amplified with two oligonucleotides. The
PCR products were digested with BamHI and NotI and then ligated into the
same sites of the expression vector pREP41. This plasmid was digested with SalI
and NotI, and the DNA fragment was then ligated into the corresponding site of
pTN218 (32). The resulting plasmid pIL2(mde10-3HA) carrying the mde10 ORF
fused to three copies of the HA epitope at the C terminus was used to integrate
mde10-3HA into the chromosomal mde10 locus.

Site-directed mutagenesis. The glutamic acid residue at position 230 in the
metalloprotease active site of Mde10 was replaced with an alanine residue by
PCR with the following four primers: F3, 5�-ATGTTGTTATTAAGCTTCCTT
TGAAAAAAT-3�; MAS, 5�-ATGTGTCCTATTGCGTGCGCGACA-3�; MS,
5�-TGTCGCGCACGCAATAGGACACAT-3�; B3, 5�-CGCGGATCCTCACC
AGAAAAACCATGCTAT-3�. The first PCR was conducted with two primer
sets, F3-MAS and MS-B3, with the pAL(mde10�) plasmid as a template. The
amplified fragments were mixed and then subjected to a second PCR with the
primer pair F3 and B3. The PCR products were ligated into the pGEM-T easy
vector (Promega). A 1.4-kb HindIII fragment harboring the mutated mde10
allele was subcloned into pAL(mde10�) to replace the wild-type allele, yielding
plasmid pAL(mde10EA).

Southern and Northern blot analyses. Total genomic DNA was digested with
restriction enzymes, fractionated on a 0.8% agarose gel, and then transferred
onto nylon membranes (Biodyne A; Nihon Pall Co., Tokyo, Japan). Total RNA
was prepared from S. pombe cultures (22) and fractionated on a 1% gel con-
taining 3.7% formaldehyde (44). DNA probes were labeled with [�-32P]dATP by
the random hexanucleotide labeling procedure (10). Ribosomal RNAs were
stained with ethidium bromide and used as loading controls and size markers.

Western blot analysis. The pIL2(mde10-3HA) plasmid carrying 5�-truncated
(promoter deletion) mde10 with the C-terminal 3HA tag was linearized by
digestion with HindIII and then transformed into strain JY878. One chromo-
somal integrant, referred to as NT10-10, was isolated and used for Western blot
analysis. Cell extracts were prepared as described by Masai et al. (27), except that
�-mercaptoethanol was not added to the lysis buffer. Crude proteins were frac-
tionated on sodium dodecyl sulfate (SDS)–10% polyacrylamide gels and trans-
ferred onto polyvinylidene difluoride membranes (Millipore, Bedford, Mass.).
The blotted membranes were probed with the mouse anti-HA monoclonal an-

TABLE 1. S. pombe strains used in this study

Strain Genotype Source

L968 h90 U. Leupold
TN8 h90 leu1 T. Nakamura
C996-11D h90 leu1 C. Shimoda
C525-1A h90 mei4::ura4� ura4-D18 ade6-M210 leu1 C. Shimoda
JY878 h90 ade6-M216 ura4-D18 leu1 M. Yamamoto
NT10-2 h90 mde10::ura4� ura4-D18 This study
NT10-3 h�s/h� mde10::ura4�/mde10::ura4� ade6-M210/ade6-M216 leu1/leu1 ura4-D18/ura4-D18 This study
NT10-9 h90 mde10::ura4� ura4-D18 leu1 This study
NT10-10 h90 ade6-M216 ura4-D18 leu1-32 mde10-HA ��LEU2 This study
NT10-11 h90 leu1-32 mde10-GFP ��LEU2 This study
NT3-CH h�s/h� ade6-M210/ade6-M216 leu1/leu1 This study
JZ670 h�/h� pat1-114/pat1-114� ade6-M210/ade6-M216 leu1/leu1 M. Yamamoto
AB4 h�/h� mei4::ura4�/mei4::ura4� ade6-M210/ade6-M216 leu1/leu1 ura4-D18/ura4-D18 pat1-114/pat1-114 H. Abe
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tibody 12CA5 (Boehringer Mannheim, Mannheim, Germany) at a 1:1,200 dilu-
tion. The membranes were also blotted with the anti-�-tubulin antibody TAT-1
(49) as a control for protein loading. Each band was visualized by staining with
horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G (Pro-
mega) and by chemiluminescence (Perkin Elmer Life Sciences, Boston, Mass.).

Immunofluorescence microscopy. For cell fixation, we followed the method of
Hagan and Hyams (15). Spo14-HA was visualized by immunofluorescence mi-
croscopy with the rat anti-HA antibody 3F10 (Boehringer Mannheim) and Alexa
594-conjugated goat anti-rat immunoglobulin G (Molecular Probes, Eugene,
Oreg.), as reported by Nakamura-Kubo et al. (33). To visualize the nuclear

FIG. 1. Promoter and coding sequences of the mde10� gene. (A) FLEX element. FLEX consensus sequences comprising 14 nucleotides (no.
1 to 14) are compiled from 28 known genes, the transcription of which is dependent on Mei4. Completely identical nucleotides are denoted by
capital letters, other nucleotides are denoted by lower-case letters. For comparison, the corresponding FLEX element of mde10� is presented.
(B) Nucleotide sequence of mde10� and its deduced amino acid sequence. The FLEX consensus sequence in the 5� promoter region is boxed,
potential N-linked glycosylation sites, NX(S/T), are underlined twice, a putative intron is underlined once, the potential signal sequence is shaded,
and two predicted membrane-spanning regions are indicated by dotted underlines. The asterisk indicates a termination codon.
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chromatin region, we stained the cells with 4�,6-diamidino-2-phenylindole
(DAPI) at 1 �g/ml. Stained cells were observed under a fluorescence microscope
(model BX50; Olympus, Tokyo, Japan) equipped with a charge-coupled device
camera (Cool-SNAP; Roper Scientific, San Diego, Calif.).

Isolation of spores by Urografin gradient centrifugation. The homothallic
haploid strains L968 and NT10-2 were grown in SSL medium for 7 days at 28°C.
Ascal walls were spontaneously dissolved, and single spores were liberated.
Spores were isolated by linear 25 to 55% Urografin (Schering Co.) density
gradient centrifugation (34). After centrifugation at 25,000 	 g for 30 min in an
ultracentrifuge (Hitachi CP70G), the cells formed two layers in the gradient. The
lower band was exclusively composed of single spores, whereas the upper band
contained vegetative cells and zygotes. Single spores were recovered from the
lower band and were washed several times with deionized water.

Electron microscopy. Cells were mounted in a thin layer on copper grids and
plunged into liquid propane cooled with liquid N2. Frozen cells were transferred
to 2% OsO4 in anhydrous acetone, kept at �80°C for 48 h in a solid CO2-acetone
bath, and then transferred to �35°C for 2 h, 4°C for 2 h, and room temperature
for 2 h. After three washes in anhydrous acetone, the samples were infiltrated

with increasing concentrations of Spurr’s resin in anhydrous acetone and finally
with 100% Spurr’s resin. These samples were then polymerized in capsules at
50°C for 5 h and 60°C for 50 h. Thin sections were cut on a Reichest Ultracut
UCT and then stained with uranyl acetate and lead citrate. Sections were viewed
on a Hitachi H-7600 transmission electron microscope (TEM) at 100 kV.

For scanning electron microscopy (SEM), the samples were dried in a critical
point dryer (model HCP-2; Hitachi) and then coated with a 9-nm-thick layer of
platinum-palladium with an ion sputter (model E-1030; Hitachi). The samples
were viewed on a JSM-840 (JEOL) instrument.

EndoH treatment. S. pombe cells expressing Mde10-3HA were cultured in
MML�N at 30°C for 10 h. After heat treatment at 90°C for 5 min, the cells were
disintegrated with glass beads by vigorous shaking on a vortex mixer in 100 �l of
50 mM Tris-HCl (pH 8.0) containing 1 mM phenylmethylsulfonyl fluoride. Cell
extracts were treated with or without 0.05 U of endoglycosidase H (EndoH;
Boehringer Mannheim)/ml at 37°C for 18 h in a solution of 0.3% SDS, 0.15 M
sodium citrate (pH 5.5), and 5 mM NaN3. The Mde10-3HA protein was detected
by SDS-polyacrylamide gel electrophoresis (PAGE) followed by Western blot-
ting with the rat anti-HA antibody 12CA5.

FIG. 2. mde10� encodes an ADAM-related protein. (A) Comparison of domain structures between Mde10 and mouse ADAM28. S, signal
peptide; P, prodomain; M, metalloprotease domain; D, disintegrin domain; C, cysteine-rich domain; E, epidermal growth factor-like domain; T,
transmembrane domain; CYT, cytoplasmic tail. The homology between Mde10 and mouse ADAM28 in the metalloprotease and disintegrin
domains is given as the percent identity. (B) Amino acid sequence alignment of the metalloprotease catalytic site and the disintegrin and
cysteine-rich domains. The arrowhead indicates the boundary between the disintegrin and cysteine-rich domains. The multiple-sequence alignment
was performed with CLUSTALW. Amino acids identical to Mde10 are highlighted in white against a black background. The consensus sequences
for the zinc-binding site and the integrin-binding site are shown.
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Resistance of spores to diethyl ether and ethanol. Resistance of the spores to
diethyl ether was assessed basically according to the method of Law and Segall
(26). Homothallic strains to be tested were sporulated in SSL medium at 28°C for
7 days. An aliquot of the spore suspension was mixed with an equal volume of
diethyl ether and was vigorously vibrated on a vortex mixer for 10 min at room
temperature. For ethanol treatment, spores were suspended in 40% ethanol and
left to stand in an incubator at 24°C. At regular intervals, a small portion of spore
suspension was mixed with 
10-fold volume of distilled water. After the appro-
priate dilution was achieved, the cells were grown on SD minimal plates. After
3 days of incubation, the colonies were counted as a measure of viable cells.

RESULTS

Mde10 is an ADAM family protein. The S. pombe protein
Mei4 is a meiosis-specific transcriptional activator containing a
forkhead DNA-binding domain (1, 17). The potential cis-act-
ing element for Mei4 has been defined as a 14-bp double-

stranded DNA stretch called the FLEX element (17). With
this sequence serving as a query, the S. pombe genome se-
quence database was searched and at least nine target genes
(mde1� to mde9�) were found (1). On the basis of these data
and Mei4-dependent genes found by other groups, the refined
FLEX element sequence is now thought to be GTAAACAA
ACAAA(A/C) (Fig. 1A). Using these sequences and their
complementary sequences as queries, the S. pombe genome
sequence database was searched (H. Abe, unpublished data)
(The Wellcome Trust Sanger Institute S. pombe Genome
Project web site, http://www.sanger.ac.uk/Projects/S_pombe/).
As a result, 32 genes were found to contain sequences fully
matching the consensus sequences in their 5� noncoding re-
gion; in other words, these sequences were rarely present in
ORFs or in introns. Among these genes, we noted one poten-
tial target gene (SPAC17A5.04c) in which the FLEX consen-
sus element was located from bases �104 to �117 upstream of
the translational start point. This gene was found to be tran-
scribed by Mei4 (see below), and we designated it mde10�. In
a systematic search of protein localization in S. pombe with a
GFP fusion library, clone A799, showing spore rim localiza-
tion, contains a part of the mde10 ORF (6).

The mde10� ORF was found to be split by one short intron
of 71 nucleotides, of which the 5� and 3� junctions and the
branch point matched the respective consensus sequences (Fig.
1B). As an in-frame termination codon is present in the intron,
we thought that splicing out the intron might be essential for
the function of mde10�. The putative mde10� gene product is
a 56.4-kDa protein composed of 512 amino acids (Fig. 1B).
The Mde10 protein shares significant sequence similarity with
the mammalian metalloproteases referred to as ADAM family
proteins (Fig. 2). For example, Mde10 has 24% amino acid
identity (40% similarity) to mouse ADAM24 and 22% identity
(39% similarity) to human ADAM28.

The ADAM proteins are multidomain proteins comprising a
metalloprotease catalytic domain, a disintegrin domain, and a
cysteine-rich domain. Most of the ADAM proteins are integral
membrane proteins. In addition to its overall sequence simi-
larity to ADAM proteins, Mde10 contains a metalloprotease
domain as well as disintegrin and cysteine-rich domains (Fig.
2). Moreover, Mde10 was predicted by the SOSUI program
(16) to have a signal sequence and two potential membrane-
spanning � helices (Fig. 2). The putative catalytic domain of
Mde10 contains a well-conserved amino acid motif,
HEXXHXXGXXHD, in which the three histidine residues are
involved in zinc binding and the glutamic acid residue acts as
an active site (23). These structural features imply that Mde10
is a novel member of the ADAM family. Notably, there is no
ortholog of mde10� in the budding yeast S. cerevisiae. The
genome sequencing project of Neurospora crassa has revealed
an ADAM-related gene (12). To date, this Neurospora ADAM
protein is the only ortholog among other lower eukaryotes,
although metalloproteases are present in a wide variety of both
prokaryotes and eukaryotes (11, 24, 25, 39).

Expression of Mde10 and its cellular localization. To study
the transcriptional control of mde10�, we used Northern blot-
ting to analyze mde10 mRNA in the mei4� and mei4� back-
grounds. Meiosis was induced in a synchronous fashion with
pat1-114 mutants. As Fig. 3A (upper panel) shows, an mde10
mRNA of 2.0 kb was barely detectable in vegetative cells (at

FIG. 3. Mei4-dependent transcription of mde10�. (A) Transcrip-
tion of mde10� during pat1-driven synchronous meiosis. Two diploid
strains homozygous for pat1-114, JZ670 (mei4�) and AB4 (mei4�),
were used. The approximate quantity of RNA loaded was monitored
by staining gels with ethidium bromide to reveal total rRNA. WT, wild
type. (B) Transcription of mde10� is induced by ectopic overproduc-
tion of Mei4. C525-1A transformed with pREP(mei4�) was grown in
PM medium without thiamine (�Thi) to induce the nmt1 promoter.
Cultures in PM supplemented with thiamine (�Thi) were run in par-
allel as a control. After incubation for 19 h, total RNA was subjected
to Northern blot analysis.
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0 h), but this mRNA rapidly accumulated after meiosis was
induced (4 to 12 h). This transcription of mde10� was com-
pletely abolished by the mei4 null mutation (Fig. 3, lower
panel). We also tested whether or not mde10� is ectopically
transcribed when Mei4 is overexpressed by the nmt1 promoter
during vegetative growth. Figure 3B shows that mde10 mRNA
accumulated to high levels after 19 h of incubation in the
absence of thiamine (�Thi), which is known to switch on the
nmt1 promoter. Taken together, these experiments support the
notion that the transcription of mde10� depends upon Mei4.

Next, changes in Mde10 protein levels during meiosis and
sporulation were examined by Western blot analysis. The ho-
mothallic strain NT10-10, harboring an mde10-HA allele on
the chromosome, was incubated in nitrogen-free sporulation
medium (MML�N). As Fig. 4A shows, Mde10-HA accumu-
lated transiently at 6 to 10 h and then rapidly decreased. Mei-
osis I began around 6 h, and mature asci appeared about 2 h
later (Fig. 4), roughly indicating that Mde10 was expressed
during meiosis but expression decreased after the appearance
of spores. These results suggest that mde10� is induced tran-
scriptionally by Mei4 and that the protein accumulates tran-
siently during meiosis.

The apparent molecular mass of Mde10-HA determined by
SDS-PAGE is about 62 kDa. This mass is a little higher than
that predicted from the amino acid sequence. All known
ADAM proteins are membrane-anchored glycoproteins and
therefore have glycosylation modifications. In fact, the de-
duced amino acid sequence of Mde10 (Fig. 1B) contains three

potential N-linked glycosylation sites, NX(S/T). To determine
whether Mde10 is modified by N-linked glycosylation,
Mde10-HA proteins from S. pombe extracts were treated with
EndoH, which cleaves N-linked oligosaccharides. The digested
products were run on an SDS-PAGE gel and then blotted with
antibodies specific for HA. Figure 4B shows that EndoH treat-
ment causes a mobility shift, suggesting that Mde10 is N gly-
cosylated.

Mde10 is localized to the ER during meiosis and ends up at
the spore surface. We thought that the intracellular localiza-
tion of Mde10 may provide a clue to its biological function. To
this end, an mde10�-GFP fusion gene borne on a multicopy
plasmid, pAL(mde10-GFP), was introduced into the ho-
mothallic mde10 disruptant strain NT10-9. The defective phe-
notypes (see below) were only slightly suppressed, implying
that the GFP fusion construct was not fully functional. The
Mde10-GFP protein was detected only in cells committed to
meiosis and not in vegetative cells (data not shown), consistent
with the results of the Western blot analysis (Fig. 5A). The
GFP fluorescent signal during meiosis appeared mainly as lines
and dots in the cytoplasm that mostly surrounded the nucleus,
suggesting that the protein was localized to the ER. This inter-
pretation was confirmed by the immunostaining of cells express-
ing Spo14-HA, which is used as an ER marker protein (33). The
Mde10-GFP and Spo14-HA cells overlapped to a large extent
(Fig. 5A). At the postmeiotic stage, the GFP signal disappeared
inside the nascent spores, and notably, the fluorescence was spe-
cifically localized at the periphery of the spores (Fig. 5B).

FIG. 4. Time course of the expression of Mde10 during meiosis.
(A) Changes in Mde10-3HA during meiosis and sporulation. A ho-
mothallic strain (NT10-10) carrying the mde10-3HA allele was cultured
in a nitrogen-free sporulation medium. Aliquots were removed every
2 h, and protein extracts were analyzed by immunoblotting with the
mouse anti-HA antibody 12CA5 as well as with an anti-�-tubulin
antibody as a loading control. The progression of meiotic nuclear
divisions was monitored by counting the number of nuclei per cell.
(B) Mobility shift of Mde10-3HA after treatment with EndoH. �,
present; �, absent.
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To exclude the possibility that the above observations were
artifacts arising from the overproduction of Mde10-GFP, the
localization experiments were repeated in a strain carrying a
single copy of the mde10-GFP fusion gene on the chromosomal
mde10 locus. Compared with the overproducing cells, the GFP
fluorescence in the single-copy cells was not intensive. How-
ever, Mde10-GFP was clearly localized to the ER-like struc-
tures during meiosis (data not shown) and was concentrated at
the surface of spores at the end of meiosis (Fig. 5B). Taking
these results together, the Mde10 protein seems to be present
primarily in the ER in meiotic stage cells, but as spores are
formed it localizes to the surface of the spores.

In cells expressing an Mde10 mutant protein in which the
C-terminal transmembrane domain was deleted, this spore sur-
face localization was abolished and the fluorescence was dis-
persed throughout the cytoplasm of the mother cell outside the
newly formed spores (Fig. 5B). As mentioned below, this de-
letion of the carboxy-terminal putative transmembrane domain
also resulted in the loss of the mde10� function. These obser-
vations suggest that the C-terminal transmembrane domain is

essential for the proper localization of Mde10 to the spore
surface and that this localization might be necessary for its
function.

Mde10 is not required for the progression of meiosis, sporu-
lation, or germination. To elucidate the role of Mde10, a null
mutant of mde10� was generated by gene disruption with a
1.6-kb ura4� cassette (Fig. 6A). The mde10� cells formed
colonies on yeast extract agar complete medium, and their
growth rate was comparable to that of wild-type cells (data not
shown). We next monitored meiosis and sporulation in the
mde10� disruptant. Meiotic nuclear divisions in the diploid
strain NT10-3, which harbors a homozygous mde10::ura4� al-
lele, proceeded similar to that observed in the isogenic wild-
type strain NT3-CH (Fig. 6B). The final yield of asci reached
�90% in both strains. These observations indicate that
mde10� may not be required for either meiosis or sporulation.

Next, we examined whether spore germination would be
affected by the mde10� disruption. Single spores isolated by
micromanipulation from homothallic mde10� cells were al-
lowed to germinate on growth medium. The frequency of col-

FIG. 5. Localization of Mde10 during meiosis and sporulation. (A) The homothallic haploid strain NT10-9 carrying the pAL(mde10-GFP)
plasmid was cultured in MML�N to induce meiosis. Cells fixed at different stages of meiosis were stained with DAPI. Spo14-3HA was visualized
by an anti-HA antibody under a fluorescence microscope. Merged images indicate that Mde10 and Spo14 are colocalized. Bar, 10 �m.
(B) Localization of Mde10 in mature spores. A homothallic mde10� strain, JY878, transformed with either pAL(mde10-GFP) or pAL(mde10�C-
GFP), and the mde10-GFP integrant strain NT10-11 were sporulated on malt extract agar. After incubation for 2 days, localization of the GFP
fusion proteins was observed under a fluorescence microscope. Bar, 10 �m.
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ony formation was �95% for mde10� spores and �92% for
wild-type spores. Spore germination progresses through suc-
cessive steps, namely, a loss of refractility (darkening) of
spores, protrusion of a new cell body, nuclear division, and
finally, septation. Spores purified by Urografin density gradient
centrifugation were suspended in liquid growth medium,
MML�N, and then incubated. The kinetics of these events in
mde10� spores did not differ from that in wild-type spores (Fig.
6C). We therefore conclude that the mde10� gene is not re-
quired for spore germination.

The spore wall structure of mde10� is aberrant. Centrifugal
sedimentation of spores in the Urografin density gradient re-
vealed that mde10� spores formed a band at a density lower
than that of wild-type spores, although the density of vegetative
cells did not differ between mde10� and wild-type strains (Fig.
7A). Next, the short and long axes of these spores were mea-
sured. It was found that mde10� spores were smaller than
wild-type spores by approximately 10% of the cell volume. The
smaller size of the mde10� spores was also observed by flow
cytometry as parameters of FSC (forward scatter) and SSC
(side scatter). These parameters are thought to relate to the
dimension of cells. The shift in the FSC or SSC peaks caused
by the mde10� mutation could be counteracted by introducing
a multicopy plasmid pAL(mde10�) into the cells (Fig. 7B).

As these results implied that changes in the morphology of
mde10� spores had taken place, we studied the fine structure
of the spores by electron microscopy. Notably, the surface
appearance of mde10� spores was markedly altered, as re-
vealed by SEM (Fig. 7C). In contrast to wild-type spores, which
have an irregular surface, these mde10� spores exhibited a
rather smooth surface. TEMs of mde10� spores revealed that
the outer layer of the spore walls was not wavy and was thinner
than that of the wild-type spores. Thus, the mde10� spores
seem to be defective in terms of wall construction.

S. pombe spores are relatively resistant to some organic
solvents (7, 42). This resistance is thought to be dependent on
the spore walls. Because the mde10� spores had an altered
surface structure, we considered that they might have lost this
resistance. We therefore tested the tolerance of the mde10�
spores to ethanol and to diethyl ether. The spores were sus-
pended in 40% ethanol and incubated at 24°C. At intervals,
aliquots of the spore suspension were diluted with sterile water
and were spread on SD plates to score viability. The resistance
of mde10� spores to ethanol was �10 times lower than that of
wild-type spores (data not shown). The reduced resistance of
mde10� spores to ethanol could be recovered by introducing a
multicopy plasmid carrying mde10� into the cells (Fig. 8). We
also tested the spores’ tolerance to diethyl ether. The spores

were incubated for 10 min in diethyl ether mixed with an equal
volume of H2O under conditions of vigorous shaking. The
viability of mde10� spores decreased to 1% of the wild-type
level (data not shown). Taken together, these results indicate
that the mde10� gene is necessary for maintaining the toler-
ance of mature spores to ethanol and diethyl ether.

The metalloprotease catalytic domain is not necessary for
the morphogenetic roles of Mde10. As the defects in spore
surface morphology and in the ethanol resistance of mde10�
could be complemented by plasmids harboring the wild-type
mde10� gene, we used this assay to examine several deletion
and point mutations. As mentioned above, the catalytic do-
main of Mde10 is highly conserved; therefore, we mutated the
glutamic acid residue at position 230, which is presumed to be
the active site, to alanine. Surprisingly, this E230A mutant
(mde10-EA) was able to complement the impaired resistance
to ethanol (Fig. 8) and also led to a recovery of the outer wavy
layer of mde10� spore walls (Fig. 7D). Furthermore, a deletion
mutant in which most of the catalytic domain was truncated
still complemented these phenotypes of the null allele (data
not shown). These facts strongly suggest that the metallopro-
tease catalytic activity is not required for the construction of
spore walls by Mde10.

DISCUSSION

The mde10� gene is a novel target of the Mei4 transcription
factor. In this article, we have demonstrated that mde10� is
transcribed under the control of the meiosis-specific transcrip-
tion factor Mei4 (17). This forkhead family transcription factor
recognizes a cis-acting element, referred to as the FLEX se-
quence (1). The FLEX element is usually located at a position
1 kb upstream from the initiation codon. In the case of
mde10�, the distance between the initiation codon and the
FLEX sequence is about 110 nucleotides. Ectopic overexpres-
sion of Mei4 in vegetative cells strongly induced the transcrip-
tion of mde10�. This fact strongly supports the idea that Mei4
directly stimulates the transcription of mde10�. The analysis of
S. pombe genes by DNA microarray also indicates that the
mde10� gene is extensively expressed under meiotic conditions
(28). The identification and characterization of mde10� has
revealed the utility of this genome-wide screening for FLEX-
containing genes, which has led to the discovery of new mei-
osis- and sporulation-specific genes. Characterization of other
candidate genes possessing a FLEX element is now in
progress.

The mde10� gene encodes an ADAM family metalloprotease
homolog. Although ADAM family proteases have been found

FIG. 6. Construction and phenotype of mde10 null mutants. (A) Construction of mde10::ura4�. A 0.6-kb NdeI fragment, including the
zinc-binding catalytic site (hatched box), was replaced by a 1.6-kb ura4� cassette to disrupt mde10�. Genomic Southern blot analysis verified that
the mde10� gene had been disrupted. Genomic DNA was digested with EcoRI and probed with an EcoRI fragment containing mde10�. Restriction
sites are E (EcoRI), H (HindIII), and N (NdeI). (B) Kinetics of meiosis in diploid strains heterozygous at the mating type locus. Wild-type (WT)
(NT3-CH) and mde10� homozygous (NT10-3) strains were cultured in the sporulation medium (MML�N). At intervals, a sample of the cells was
fixed and stained with DAPI. The progression of meiotic nuclear divisions was monitored by counting the number of nuclei per cell. For each
sample, at least 300 cells were counted. (C) Kinetics of spore germination in mde10� mutants. A wild-type and an mde10� mutant strain were
sporulated in SSL. Isolated single spores prepared by Urografin density gradient centrifugation were suspended in MML�N growth medium and
incubated at 30°C. Spores were observed under phase-contrast and fluorescence microscopes and categorized into four classes: ungerminated
refractile spores, germinated phase-dark spores, spores with a projection, and septated cells. At least 300 cells were counted.
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in a wide variety of higher animals, only a few homologous
proteins have been reported from lower eukaryotes (12).
ADAM family proteins are membrane-anchored glycoproteins
composed of multiple conserved domains. Among these do-
mains, Mde10 contains a metalloprotease catalytic site, as well
as disintegrin and cysteine-rich domains (Fig. 2). In addition,
Mde10 is equipped with an N-terminal signal sequence, a C-
terminal membrane-spanning domain, and three potential N
glycosylation sites. These structural features imply that Mde10
is a member of the ADAM family. As S. pombe is a genetically
tractable microorganism, it will be possible to analyze the bi-
ological functions of Mde10 intensively, with implications for
other ADAM family proteins.

The canonical metalloprotease active site is also conserved
in the Mde10 amino acid sequence, although the protease
activity of Mde10 has not yet been examined in biochemical
experiments. Surprisingly, our mutational analyses suggested
that the protease activity is not necessary for the observed
function of Mde10, that is, proper construction of the spore
surface and its tolerance to ethanol (Fig. 7 and 8). Many
ADAM proteins that do not retain the metalloprotease cata-
lytic site have been reported. For example, 9 of 24 ADAM
proteins in mice lack a catalytic site (2). Therefore, there exists
a group of ADAM family proteins whose functions do not
depend on metalloprotease activity. As Mde10 accumulates
long before the synthesis of spore walls, Mde10 probably has
another nonessential function during meiosis. It is possible that
such unknown roles of Mde10 depend on its metalloprotease
activity.

Among the three conserved domains of Mde10, the disinte-
grin domain shows the highest homology to the corresponding
domain of mammalian ADAM proteins (Fig. 2). A consensus
motif, RXXXXXXDLPEF, in the disintegrin domain of the
mammalian proteins has been identified as the integrin-inter-
acting site (9). There is a similar, but not identical, motif in the
corresponding domain of Mde10 (Fig. 3); however, the dele-
tion of a small section of this motif (10 amino acid residues
from R to P) resulted in no apparent phenotype (Nakamura,
unpublished). The function of the disintegrin domain in the
ADAM family has been associated with forms of cell adhesion
such as sperm-egg fusion and myoblast fusion (4, 51). The roles
played by the cysteine-rich region are not well understood.
Although the C-terminal half of the cysteine-rich domain in
Mde10 could not be aligned easily with that of the ADAM
proteins unless a few gaps were inserted, there are 11 cysteine
residues in this domain composed of 88 residues. As suggested
for mammalian ADAM proteins, these domains of Mde10
might function in spore-to-spore adhesion or spore-to-sub-
strate binding. Comprehensive mutagenesis of these domains

in Mde10 may provide useful information with regard to their
biological and biochemical roles.

Mde10 localizes to the spore surface. Most ADAM proteins
are known to localize to the plasma membrane; for example,
Testase-1 (ADAM24) is a plasma membrane-anchored pro-
tease of sperms and is involved in egg-sperm fusion (50). From
the sequence data, Mde10 was predicted to have two hydro-
phobic putative membrane-spanning domains in addition to its
N-terminal signal sequence. The Mde10-GFP fusion protein
was clearly shown to be localized to the ER during meiosis
(Fig. 5A). Thus, it is likely that Mde10 is transported via the
ER-Golgi system and is finally targeted to the plasma mem-
brane. The C-terminal transmembrane domain was found to
be essential for the proper localization of Mde10 to the spore
periphery (Fig. 5B). Another interesting structural feature of
Mde10 is the absence of the C-terminal cytoplasmic tail. Gen-
erally, this domain is thought to interact with cytoplasmic sig-
naling components such as protein kinase C (21). As Mde10
lacks a cytoplasmic tail domain, the question of how Mde10
can respond to intracellular signals remains to be solved.

Mde10 is required for the construction of the spore enve-
lope. Our electron microscopic observations showed that the
spore surface morphology is defective in mde10� spores. The

FIG. 8. Loss of ethanol resistance in mde10� spores and comple-
mentation by mde10�-expressing plasmids. A homothallic mde10�
strain (NT10-9) harboring pAL-SK, pAL(mde10�), or pAL(mde10-
EA) was cultured in SSL for 7 days. The proportions of spores in the
cell population were higher than 90%. Cells were treated with 40%
ethanol at 24°C. At the indicated times, a portion of the cell suspension
was rapidly diluted with sterile distilled water and then spread on SD
minimal medium. After incubation for 7 days, the number of colonies
was counted.

FIG. 7. Characterization of mde10� spores. (A) Density gradient centrifugation of spores. Wild-type (L968) and mde10� (NT10-2) cultures in
SSL were subjected to 25 to 55% Urografin density gradient centrifugation. Note that the mde10� spores formed a band at a lower density than
did the wild-type spores, whereas the upper band of vegetative cells and zygotes was the same in both strains. S, spores; V�Z, vegetative cells and
zygotes. (B) Flow cytometric analysis of the spores. A homothallic mde10� strain (C996-11D) harboring pAL-SK (a) and a homothallic mde10�
strain (NT10-9) harboring pAL-SK (b) or pAL(mde10) (c) were cultured in SSL sporulation medium for 7 days. Cell populations were inspected
by flow cytometry for their FSC and SSC parameters (FACSCalibur; Becton Dickinson). (C) Electron microscopy of mde10� spores. L968 (wild
type [WT]) and NT10-2 (mde10�) were cultured in SSL for 7 days (TEM) or SSA for 3 days (SEM). Bars, 1 �m. (D) Complementation of the
mde10� defect in spore surface structure by the introduction of plasmids expressing mde10�. Homothallic mde10� mutants harboring either
pAL-KS, pAL(mde10�), or pAL(mde10-EA) were sporulated on SSA for 3 days. Spores were observed by SEM. Bar, 1 �m.
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mde10� spores exhibited a smooth surface, in contrast to the
rough surface of wild-type spores. In S. cerevisiae, spore walls
differ from vegetative cell walls and they give spores resistance
to severe environmental stressors (43). In particular, the out-
ermost proteinaceous layer is responsible for resistance to
spore wall lytic enzymes, high temperature, and chemicals in S.
cerevisiae (43). The gene meu10, which when mutated affects
spore wall components, is known to be associated with toler-
ance to the following stressors: heat shock, cold temperature,
and ethanol exposure (45). It is likely that mde10� spores are
more sensitive to organic solvents than are wild-type spores.

On the basis of these observations, we can summarize the
fate and role of Mde10 during meiosis and sporulation as
follows. The mde10� gene is transcribed under the control of
Mei4, and its protein products are first targeted to the ER by
the aid of its signal sequence. Membrane vesicles carrying
Mde10 are then transported to the precursor forms of spores,
in other words, to the prespores. Most probably, Mde10-car-
rying vesicles are derived from a source that is external to these
prespores, because C-terminally truncated Mde10 is dispersed
outside these structures (see Fig. 5B). If this is indeed the case,
then the Mde10-carrying vesicles might fuse with the outer
leaflet of the forespore membrane. Once on the spore surface,
Mde10 is involved in the proper construction of the spore
envelope. It should be noted, however, that most of these steps
remain speculative and remain to be investigated in further
studies.
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