EukaryoTIC CELL, Aug. 2006, p. 1301-1313
1535-9778/06/$08.00+0  doi:10.1128/EC.00099-06

Vol. 5, No. 8

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Spo5/Mugl2, a Putative Meiosis-Specific RNA-Binding Protein,
Is Essential for Meiotic Progression and Forms
Mei2 Dot-Like Nuclear Focif

Takashi Kasama,'$ Akira Shigehisa,'s Aiko Hirata,” Takamune T. Saito,’
Takahiro Tougan,' Daisuke Okuzaki," and Hiroshi Nojima'*

Department of Molecular Genetics, Research Institute for Microbial Diseases, Osaka University, 3-1 Yamadaoka, Suita,
Osaka 565-0871, Japan," and Departments of Integrated Biosciences, Graduate School of Frontier Sciences,
University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8562, Japan*

Received 7 April 2006/Accepted 12 May 2006

We report here a functional analysis of spo5™ (mugl2™) of Schizosaccharomyces pombe, which encodes a
putative RNA-binding protein. The disruption of spo5™ caused abnormal sporulation, generating inviable
spores due to failed forespore membrane formation and the absence of a spore wall, as determined by electron
microscopy. Spo5 regulates the progression of meiosis I because spo5 mutant cells display normal premeiotic
DNA synthesis and the timely initiation of meiosis I but they show a delay in the peaking of cells with two
nuclei, abnormal tyrosine 15 dephosphorylation of Cdc2, incomplete degradation of Cdc13, retarded formation
and repair of double strand breaks, and a reduced frequency of intragenic recombination. Inmunostaining
showed that Spo5-green fluorescent protein (GFP) appeared in the cytoplasm at the horsetail phase, peaked
around the metaphase I to anaphase I transition, and suddenly disappeared after anaphase II. Images of
Spo5-GFP in living cells revealed that Spo5 forms a dot in the nucleus at prophase I that colocalized with the
Mei2 dot. Unlike the Mei2 dot, however, the Spo5 dot was observed even in sme2A cells. Taken together, we
conclude that Spo5 is a novel regulator of meiosis I and that it may function in the vicinity of the Mei2 dot.

The generation of inheritable haploid gametes from diploid
parental cells by meiosis is an essential event for sexually re-
producing eukaryotic organisms. The fission yeast Schizosac-
charomyces pombe proceeds to meiosis upon nutritional star-
vation when two cells with opposite mating types conjugate and
the two haploid nuclei fuse, thereby producing a zygote with a
diploid nucleus. Genome-wide expression profiles of S. pombe
successfully identified a large number of genes whose expres-
sions are specifically upregulated during meiosis and appear to
support a variety of meiosis-specific events (13). Large-scale
deletion analysis based on the S. pombe transcriptome data has
identified novel genes that are important for meiotic chromo-
some segregation, meiosis-specific DNA double-strand break-
age, telomere clustering, and homologous pairing (3, 12). We
also took advantage of the transcriptome data to compre-
hensively identify meiosis-specific genes that generate pro-
teins with coiled-coil motifs and found that four genes,
named meul3™ (17), mep7* (23), mep6™ (24), and mep5™
(25), play pivotal roles in homologous pairing and meiotic
recombination.

Recent large-scale cDNA sequencing projects in mammals
have revealed that eukaryotic cells contain numerous mRNA-
like noncoding RNAs (ncRNAs) that are expected to play
physiological roles, particularly in gene expression (2). In S.
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pombe, we previously isolated five kinds of meiosis-specific
transcripts (32) as well as 68 mRNA-like ncRNAs (33) that
appear to be antisense and multiply overlapping mRNA-like
transcripts. We also identified overlapping transcripts, one of
which appears to be a mRNA-like ncRNA (10), and three
kinds of meiosis-specific transcripts that are derived from the
complementary strand of rec7" (14). Bidirectional transcripts
named spo6-S and spo6-L have been found to derive from the
coding region of spo6™, which expresses a meiosis-specific pro-
tein with sequence similarity to Dbf4, a regulator of DNA
replication (18, 20). While the direction of spo6-S encodes
Spo6 protein, the direction of spo6-L is reversed and generates
an antisense ncRNA. Although these ncRNAs may play im-
portant roles in the progression of meiosis, neither their func-
tions nor their putative association partners (RNA-binding
proteins) are clear.

An mRNA-like ncRNA named meiRNA of S. pombe is
expressed only during meiosis from the sme2 gene. It is essen-
tial for meiosis I (MI) but not for either cell growth or pre-
meiotic DNA synthesis (34). meiRNA is a cofactor of an RNA-
binding protein called Mei2 that is required at two distinct
stages of meiosis, namely, once prior to premeiotic DNA syn-
thesis and then prior to meiosis I (36). Mei2-like protein is also
found in other organisms (9). Mei2 forms a dot in meiotic
prophase nuclei, and meiRNA is required for this nuclear
localization of Mei2 (35). While localization of the Mei2 dot
coincides with the sme2 locus, it is the transcripts of sme2
rather than the DNA sequence of the gene that determine this
localization of the Mei2 dot (28). These results do not appear
to simply reflect the attachment of Mei2 to meiRNA that is
undergoing transcription; rather, various observations suggest
that this localization involves a specialized platform structure
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TABLE 1. Strains used in this study

EUKARYOT. CELL

Strain Genotype Source or reference

CD16-1 h*/h~ ade6-M210/ade6-M216 cyhl/* *[lys5-391 19

CD16-5 h™/h~ ade6-M210/ade6-M216 cyhl/* *[lys5-391 19

TP4-5A h™ ade6-M210 leul-32 ura4-D18 34

17670 h~/h~ ade6-M210/ade6-M216 leul-32/leul-32 patl-114/patl-114 29

AS29 h™/h™ ade6-M210/ade6-M216 leul-32/leul-32 ura4-DI18/ura4-D18 patl-114/patl-114 This study

spo5:urad™ [spo5:urad™

AS6 h* ade6-M210 leul-32 ura4-DI18 This study
CRL266 h® leul-32 Y. Hiraoka
AS17 h* ade6-M210 leul-32 ura4-DI18 spoS5::ura4™ This study
AS18 h®° ade6-M216 leul-32 ura4-D18 spo5:ura4™ This study
YN68 h® leul-32::{GFP-psyl *-leul ] C. Shimoda
AS44 h®° ade6-M216 ura4-D18 spo5:ura4™ leul-32:{GFP-psyl*-leul *| This study
AS24 h®° ade6-M210 leul-32 ura4-D18 spo5::[spo5-GFP-3'UTR-ura4*] mei2::[mei2-CFP-kan"] This study
AS47 h?° ade6-M210 leul-32 ura4-D18 spo5::[spo5-GFP-3'UTR-ura4* | sme2:ura4* This study
AS7 h®° ade6-M210 leul-32 ura4-D18 spo5::[spo5-GFP-3'UTR-ura4™ ] This study
TK155 h?® ura4-D18 spo5:ura4™ leul-32::[spo5-GFP-3'UTR-leul *| This study
TK161-FA3 h* ade6-M216 ura4-D18 spo5::urad™ leul-32::[spo5-F341A- GFP-3'UTR-leul *] This study
TK162-FA4 h®° ura4-D18 spo5:ura4™ leul-32::[spo5-F427A-GFP-3'UTR-leul ] This study
TK163-FAFA h* ade6-M216 ura4-D18 spoS::ura4™ leul-32::[spo5-F341A/F427A- GFP-3'UTR-leul "] This study
TK164-N h?® ade6-M216 ura4-D18 spo5:ura4™ leul-32::[spoSN-GFP-3'UTR-leul *) This study
TK164-C h® ade6-M216 ura4-D18 spo5::ura4™ leul-32::[spoSC-GFP-3'UTR-leul ] This study
TK24-M26 h™ ade6-M26 ura4-D18 This study
TK24-469 h* ade6-469 his2 leul-32 ura4-D18 This study
TK171-M26 h~ ade6-M26 ura4-DI18 spo5:ura4™ leul-32::[spo5-F341A/F427A-GFP-3'UTR-leul "] This study
TK171-469 h* ade6-469 his2 ura4-D18 spo5::ura4™ leul-32:[spo5-F3414/F427A-GFP-3'UTR-leul "] This study

that permits a large number of proteins to assemble and
thereby mediate the proper progression of meiosis I. However,
little is known about this structure and its functions.

As an initial step to understanding the putative physiological
roles of these mRNA-like ncRNAs, we searched for meiosis-
specific proteins that harbor putative RNA-binding motifs and
may associate with these ncRNAs. Based on the S. pombe
transcriptome data, we identified three candidate genes. We
here report our detailed analysis of one of these, mrb1™*, which
was named after meiotic RNA-binding protein. In the course
of our analysis, we noted that mrbI™" is equal to spo5™ (C.
Shimoda, personal communication; 6), although the DNA se-
quence of spo5™" has not been registered in the DNA bank. We
recently found that it is also named mugl2* (12). Hereafter,
we will call it spo5™ because this was the original name. Of
note is that Spo5/Mug12/Mrbl1 localized at prophase of meiosis
I as nuclear dots that colocalized with the Mei2 dot.

MATERIALS AND METHODS

GFP tagging of the spo5* gene. To construct the Spo5-green fluorescent
protein (GFP) strain, we performed PCR as described previously (23) and
obtained a DNA fragment carrying the open reading frame and 3’ downstream
region of the spo5™* gene. For this purpose, we synthesized the following two
oligonucleotides and used them as primers: spo5-F (5'-GCGTCGACGGCGCG
CCGATGAATGGAATAATTACGCCTC-3') and spo5-R (5'-GCGCGGCCG
CCCATTAGCAGAATGAGCGGG-3"). The underlined sequences denote the
artificially introduced restriction enzyme sites for Sall and Ascl and for Notl,
respectively. We used the same primers (spo5-3F and spo5-3R) as described
above. The 3’ downstream PCR product of the spo5™ gene was inserted into the
pRGT1 vector via the XhoI-Sacl sites. The PCR product of the spo5* open
reading frame, the 1.8-kb HindIII fragment containing the ura4* cassette (4),
and the pRGT1-spo5-3’ vector were inserted into the pBluescriptII KS(+) vector
via the EcoRI-Notl, HindIIl, and NotI-Sacl sites, respectively. This plasmid
construct was then digested with Sphl, and the resulting construct was introduced
into the TP4-5A strain. The Ura™ transformants were then screened by PCR to
identify the spo5::spo5-GFP-ura4™ strain.

Construction of Spo5 mutants. To construct the SpoSN and Spo5C mutant-
expressing strains, which bear only the N- and C-terminal, respectively, portions
of Spo5, we performed PCR and obtained DNA fragments carrying the desired
Spo5 regions. For this purpose, we synthesized the following oligonucleotides
and used them as primers: spo5-Sall-F (5'-GGGTAACAAAGTAAACACTGG
CAGTCGAC-3'), spo5-EcoRI-R (5'-ACTGAATTCGTAGGCACAGTCGCT
GAAGG-3'), spo5-D-Sall-F (GCGTCGACTTCATTGCACTTCAATAATTA
AGGCG), spo5-DI-R (5'-GTGCGGCCGCACATTCCGAGTACGAGAAGT
GCTTTCCATG-3'), and spo5-DV-R (5'-CGAGGAATTCGTAGACATTAAT
TGTTTTTGTTTTTGAGGCG-3"). The underlined sequences denote the arti-
ficially introduced restriction enzyme site for Sall, Notl, or EcoRI.

We also performed PCR to create the SpoSFA3-, Spo5FA4-, and SpoSFAFA-
expressing strains by using the following oligonucleotides as primers: spo5-F341A-F
(5'-CGAATTTATGTAAAGGATATGGCGCCGCATGCTTTGAAGAAGAGA
AATCTGC-3'), spo5-F341A-R (5'-CAGATTTCTCTTCTTCAAAGCATGCGG
CGCCATATCCTTTACATAAATTCG-3'), spo5-F427A-F (5'-CGTGACTCTAA
GGAACAATCCCGCGGTGTTGGGGCTGCTCGTATGCAAGATCG-3'), and
spo5-F427A-R  (5'-CGATCTTGCATACGAGCAGCCCCAACACCGCGGGAT
TGTTCCTTAGAGTCACG-3'). The underlined sequences denote the artificially
introduced nucleotides that serve to replace phenylalanine 341 and/or phenylalanine
427 with alanine or that introduce restriction enzyme sites for Narl or Sacll. These
Spo5-FA3, Spo5-FA4, and Spo5-FAFA constructs were then created by PCR using
the Spo5 construct as the template. These plasmid constructs were digested with
Nrul. The resulting construct was introduced into AS18 (h*’ ade6-M216 leul-32
ura4-D18 spo5:ura4™) (Table 1). We then screened the Leu™ transformants and
confirmed the precise integration of the constructs by PCR and digestion by the
relevant restriction enzyme.

Fluorescence microscopy. To detect Spo5-GFP in living or fixed meiotic cells,
mid-log-phase spo5*-GFP cells (AS7) were cultured in EMM2-N medium to
induce meiosis as described previously (24). The living cells were then stained
with 3.0 pg/ml Hoechst 33342 for 5 min and mounted on a coverslip by spotting.
To produce fixed cells, meiotic cells were fixed according to the procedure of
Hagan and Hyams (5) that uses glutaraldehyde and paraformaldehyde. In indi-
rect immunofluorescence microscopy, the spindle pole bodies (SPBs) were
stained with anti-Sad1 antibody (a gift from M. Yanagida, University of Kyoto).
The samples were then stained with 0.5 mg/ml Hoechst 33342 in phosphate-
buffered saline for 1 min and mounted with antifade-containing Vectashield
mounting medium (Vector Laboratories, Burlingame, CA). Fluorescence images
of these cells were observed by using a fluorescence microscope (BX51; Olym-
pus, Tokyo, Japan) with a Cool SNAP charge-coupled-device camera (Roper
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Scientific, San Diego, CA). Immunofluorescence images were acquired using
Adobe Photoshop 7.0.

Antibody and Western blotting. To generate an anti-Spo5 polyclonal antibody,
rabbits were injected with a recombinant glutathione S-transferase (GST)-fused
full-length Spo5 protein. The antiserum was then affinity purified against the
Spo5 protein. For Western blot analysis, we extracted the proteins by using two
different methods. With the first method (see Fig. 5C), 2.8 X 10% S. pombe cells
were suspended in 0.4 ml of HB buffer (25 mM MOPS [morpholinepropanesul-
fonic acid], pH 7.2, 15 mM MgCl,, 15 mM EGTA, 60 mM B-glycerophosphate,
15 mM p-nitrophenylphosphate, 0.1 mM sodium vanadate, and 1% Triton
X-100) and boiled for 10 min. The cells were then disrupted with acid-washed
glass beads by using a vortex mixer, and the glass beads were removed by
centrifugation, thus generating the whole-cell extract. With the second method
(see Fig. S4 in the supplemental material), 2.8 X 10% S. pombe cells were
suspended in 0.4 ml of 20% trichloracetic acid (TCA) solution. The cells were
disrupted with acid-washed glass beads by using a vortex mixer, and then a 5%
TCA solution was added and the total protein precipitates were obtained by
centrifugation. The whole-cell extract (HB buffer) or protein precipitate (TCA)
was then separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto a polyvinylidene difluoride membrane (Immobilon; Milli-
pore, Bedford, MA). These blots were probed with rabbit anti-Spo5 polyclonal
antibody, and the bands were visualized by using the Renaissance system (NEN
Life Science, Boston, MA).

Electron microscopy (EM) observations. Cells were incubated on ME plates at
28°C for 18 h, collected, mounted on a copper grid to form a thin layer, and
immersed in liquid propane cooled with liquid nitrogen (Leica EM CPC; Leica
Microsystems, Vienna, Austria). The frozen cells were transferred to 2% OsO,
in dry acetone and kept at —80°C for 3 days. Thereafter, they were warmed
gradually from —80°C to 0°C over 5 h, held for 1 h at 0°C, and then warmed from
0°C to 23°C (room temperature) for 2 h (Leica EM AFS; Leica Microsystems).
After being washed with dry acetone three times, the samples were infiltrated
with increasing concentrations of Spurr’s resin in dry acetone and finally with
100% Spurr’sresin. After polymerization, ultrathinsectionswere cutby an ultramicro-
tome (Leica Ultracut UCT; Leica Microsystems) and stained with uranyl acetate
and lead citrate. The sections were viewed on an electron microscope (H-7600;
Hitachi Co., Tokyo, Japan) at 100 kV.

Meiotic double strand break (DSB) assays. For pulsed-field gel electrophore-
sis (PFGE), meiosis was induced in pat1-114 and patI-114 spo5A cells by shifting
the temperature and ca. 2.5 X 10® cultured cells were collected at the indicated
times (27). DNA plug preparation and cells lysis were performed as described
previously (16). PFGE was conducted in a 0.5% chromosomal grade agarose gel
(Bio-Rad) in a Bio-Rad CHEF Mapper system at 14°C for 48 h with a 2 V/cm,
120°C-induced angle in 1X TAE buffer (40 mM Tris-acetate, pH 8.0, 1 mM
EDTA), with a switch time of 30 to 45 min.

Recombination assay. The intragenic recombination rates were determined as
described previously (27). Briefly, haploid parental strains were grown on yeast
extract-peptone-dextrose plates at 33°C. Cells were mated and sporulated on ME
plates at 28°C. After 3 days of incubation, the spores were treated with 1%
glusulase (DuPont NEN, Boston, MA) for about 3 h at room temperature and
checked under a microscope for the complete digestion of contaminating vege-
tative cells. The glusulase-treated spores were washed with water and then used
to measure the intragenic recombination rates. To examine the frequency of
intragenic recombination, we used two ade6 alleles (ade6-M26 and ade6-469)
since intragenic recombination between these alleles produces the ade6™ allele.

RESULTS

Spo5 is a putative meiosis-specific RNA-binding protein.
We previously reported the existence of many mRNA-like
ncRNAs in S. pombe (32, 33). To identify meiosis-specific
RNA-binding proteins that may associate with these ncRNAs,
we searched the S. pombe genome database for uncharacter-
ized genes that both harbor RNA-binding motifs and show
enhanced expression during meiosis (http://www.genedb.org
/genedb/pombe/index.jsp) (13). We screened 275 genes in the
genome database AmiGO (http://www.genedb.org/amigo/perl
/go.cgi) using “RNA binding” as a query word. In addition, we
selected genes that display more enhanced expression in mei-
otic prophase I than in other meiotic phases based on the
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c¢DNA microarray data (13). This selection yielded three can-
didate genes, SPBC29A10.02, SPCC1682.08c, and SPAC4G9.05.

We then obtained DNA fragments from each of these genes
and used them as probes for time course Northern blot analysis
(Fig. 1A) or reverse transcription-PCR (RT-PCR) (Fig. 1B) to
examine the RNA that was obtained from CD16-1 (h"/h~) and
CDI16-5 (b /h™) cells harvested at various times after the induc-
tion of meiosis by nitrogen starvation. This analysis identified
three novel genes that show dramatically induced transcription in
only CD16-1 (h*/h™), the strain that can enter meiosis. We de-
noted the genes mrbl™ (AB248101; SPBC29A10.02), which is
equal to spo5™ (Fig. 1A and B), mcp2™, which was named after
meiotic coiled-coil protein (24) (AB189990; SPCC1682.08c) be-
cause it harbors a coiled-coil motif, and mpf1 ™", which was named
after meiotic PUF family protein (AB248102; SPAC4G9.05) be-
cause it belongs to the PUF family (see Fig. S1 in the supplemen-
tal material). Hereafter, we will concentrate on our functional
analysis of spo5™.

Spo5 consists of 567 amino acids and harbors two putative
RNA-recognition motifs (RRMs) (Fig. 1C). Spo5 and Mei2
differ in structure since Mei2 has three RRMs; moreover, the
amino acid sequence of these RRMs lacks significant similarity
with those of the Spo5 RRMs. Homology searches using the
BLAST algorithm (http://www.ncbi.nlm.nih.gov/BLAST/) re-
vealed no overall homologs of Spo5 in other organisms. None-
theless, RRM-1 and RRM-2 of Spo5 displayed significant ho-
mologies to sequences in the human RNA-binding proteins
Scr2 and Scr3 (Fig. 1C), which we have previously isolated as
multicopy suppressors of the cdc2 and cdcl3 mutants of S.
pombe (11).

Northern blot analysis of RNA obtained from CD16-1 (h*/
h™) cells indicated that spo5™* transcription during meiosis
peaked around prophase I (horsetail phase) and meiosis I (8 h
after induction) (Fig. 1A). RT-PCR using RNA from spo5™
cells in the genetic background of a pat1-114 strain, a temper-
ature-sensitive strain used to attain synchronous meiosis, con-
firmed this timing of spo5™ transcription, as spo5™ transcripts
appeared after the horsetail phase (2 h) and disappeared after
meiosis II (6 h) (Fig. 1B). Western blot analysis using an
anti-Spo5 polyclonal antibody that we prepared (see Fig. S2A
in the supplemental material) indicated that Spo5 protein dis-
plays meiosis-specific expression, the details of which will be
discussed later (see Fig. SC). These results suggest that Spo5
may play a role in meiosis I. Notably, unlike some meiotic
genes of S. pombe that display regulated splicing in meiosis (1),
the two introns of spo5™ appear to be simultaneously spliced
without showing regulated splicing (Fig. 1B).

Spo5 is essential for sporulation. To assess the physiological
role of spo5™, a deletion mutant that does not express Spo5
protein was constructed by one-step gene replacement. Dip-
loid cells in which one of the spo5™* genes had been replaced by
ura4* were sporulated and germinated. The segregation ratio
compared to that of the wild type (WT) was 1:1. All of the
resulting spores were viable, indicating that the spo5™ gene is
not essential for vegetative growth. The growth properties, cell
sizes, and morphologies of spo5SA cells were also indistinguish-
able from those of the WT cells. However, when the diploid 4%’
spoSA cells were observed 16 h after being induced to enter
meiosis, many appeared to fail meiotic progression, as they
carried incomplete numbers of nuclei (i.e., 1, 2, or 3). More-
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FIG. 1. spo5" is a meiosis-specific gene that encodes a protein with
two RNA-binding motifs. (A) Northern blot analysis of spo5™ expres-
sion during meiosis. Total RNA was extracted from diploid 2*/h~
(CD16-1) and A~ /h~ (CD16-5) cells at the indicated times after they
were subjected to nitrogen starvation, which induces CD16-1 but not
CD16-5 cells to enter meiosis. Total RNA of these cells was blotted
and probed with the protein-coding regions of the spo5" and aro3*
(loading control) genes. The graph indicates the meiotic profiles of the
cells used for RNA extraction. The frequencies of Hoechst 33342-
stained cells with one, two, three, or four nuclei were assessed by
counting at least 200 cells under a microscope. (B) PCR analysis of

EUKARYOT. CELL

over, even the cells containing four nuclei appeared to lack
spore walls, as shown in the differential interference contrast
image of Fig. 2A, whereas most WT cells display normal spores
(Fig. 2A). This spo5SA phenotype is not due to a delay in the
progression of sporulation because spore walls were not ob-
served even after 28 h or 48 h (data not shown). Staining of the
spores by iodine vapor also confirmed that spo5A cells are
defective in spore-wall formation (Fig. 2B).

To determine which part of the Spo5 molecule is important
for sporulation, we prepared h”° spo5 strains that expressed
Spo5 mutants; these mutants consisted of either N- or C-
terminal portions of Spo5 only or expressed full-length pro-
teins with point mutations that substituted alanines for F341
and/or F427, which are residues in RRM-1 and -2 (Fig. 2C).
We then induced these cells to enter meiosis by nitrogen star-
vation. First, we demonstrated that the Spo5 strain in which the
native Spo5 was designed to be expressed from its native pro-
moter causes the phenotype to recover to the WT level, which
confirms that Spo5 plays an essential role in spore wall forma-
tion (Fig. 2D). The cells observed under a microscope are
grouped into three classes according to their ascus phenotypes;
class I cells formed normal spores, class II cells formed abnor-
mal spore walls, and class III cells did not form spore walls at
all. The Spo5C mutant showed the most severe phenotype,
which was similar to that of spo5A; namely, all cells lacked
spore walls (Fig. 2D) and no viable spore was observed (Fig.
2E). This indicates that the N terminus of Spo5 plays a key role
in spore wall formation. The three strains expressing SpoS5
containing a point mutation in F341 and/or F427 failed to form
spore walls similar to those of the SpoSN mutant that lacks
both RRMs. However, the spore viability of these mutants was
almost normal (Fig. 2E). These results indicate that the F341
and F427 residues of Spo5 in RRM-1 and RRM-2 also play
important roles in the full function of Spo$5, but the N-terminal
portion of Spo5 that does not harbor RRMs is more important
for sporulation.

Spore morphology as observed by electron microscopy. To
investigate the structure of the forespore membrane and the
spore wall of spo5SA cells in more detail, we examined their
morphologies by thin-section EM. The EM images confirmed
that the spores of spo5 cells, which are spo5SA cells that express

spo5™ transcripts during meiosis. (i) The structure of the spo5™ gene.
The spo5™" gene consists of three exons which are shown by two open
boxes and an open arrow. Chr., chromosome. (ii) The JZ670 (pati-
114) strain was induced to enter meiosis synchronously, and the total
RNA from cells harvested at the indicated times was extracted and
reverse transcribed to cDNA. PCR amplification of spo5™* was per-
formed by using alternative cDNA from meiotic cells that were 3 h into
meiosis, cDNA from vegetative cells, and genomic DNA as the tem-
plate. PCR products were resolved on 1% agarose gels and stained by
ethidium bromide. Black and gray arrowheads indicate the sizes of
genomic spo5™ and the spliced spo5™ ¢cDNA, respectively. lib., library.
(iii) The difference in size of the spo5™ fragments amplified from
genomic DNA or cDNA obtained 4 h into meiosis. (C) Schematic
representation of the RRM in the RRM-bearing protein family. (i)
The Spo5 protein has two RRMs in its C-terminal region as determined
by SMART (http://smart.embl-heidelberg.de/). These motifs are desig-
nated as RRM-1 and RRM-2. a.a., amino acid. (ii) Alignment of RRM-1
and RRM-2 sequences with the RRM motif of SpoS5, Scr2, and Scr3.
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FIG. 2. The spo5A cells are defective in spore wall formation. (A) AS6 (h”°) and AS17 (h*° spoSA) cells were induced to enter meiosis by
nitrogen starvation, and their sporulation was examined after 16 h. Shown are differential interference contrast (DIC) fluorescence photographs
of cellular DNA stained by Hoechst 33342 and their merged images. The bar indicates 10 um. (B) The spore wall is absent in spo5A cells that are
induced to sporulate. WT and spo5A cells were spotted onto sporulation plates (SPA), incubated at 28°C for 3 days, and then exposed for 1 min
to iodine vapor, which stains sporulated cells dark brown. (C) Schematic representation of the truncated forms of spo5™ that are expressed as
C-terminal GFP fusion proteins (see Fig. S7 in the supplemental material). The plasmids carrying these constructs were put into the leul ™ locus
of spo5A cells. The Spo5 (strain TK155; 2’ spo5A spo5*-GFP) drawn on top is the full-length Spo5 to which the GFP was added at the C terminus.
Spo5SN (TK164-N; h?° spo5A spoSN-GFP) and Spo5C (TK164-C; h*° spoSA spo5C-GFP) consist only of the Spo5 N- or C-terminal regions,
respectively. The SpoSFA3-, SpoSFA4-, or SpoSFAFA-expressing strain (TK163-FAFA; h”’ spo5A spo5-F341A4/F427A-GFP) expresses full-length
Spo5 proteins with point mutations that replace F341 and/or F427 with alanines (F341A and/or F427A) (Fig. 1C). Asterisks indicate point
mutations where F341 and/or F427 were replaced with alanines. (D) The morphology of asci in various mutants. (i) The ascus phenotypes are classified
into three classes. Class I contains the cells that form normal spores, and class II contains the cells that form abnormal spore walls, while class III contains
the cells that did not form spore walls. WT (AS6), spo5SA (AS17), SpoS (TK155; this is an spoSA strain that has been engineered to express Spo5), SpoSN
(TK164-N), Spo5C (TK164-C), Spo5-FA3 (TK161-FA3), Spo5-FA4 (TK162-FA4), and Spo5-FAFA (TK163-FAFA) cells at mid-log phase were cultured
in EMM2, transferred to EMM2-N medium, and cultured further at 28°C for 16 h. At least 250 cells with three, four, or more nuclei were counted under
a microscope. (ii) The graph shows the frequency with which the spores of each strain fell into each of these three classes. DIC, differential interference
contrast. (E) Spore viability of each strain. The data show the averages of three independent experiments with standard errors (error bars).
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A

FIG. 3. Thin-section EM of WT and spo5 mutant cells after the
commencement of spore wall formation. N denotes the nucleus.
(A) EM images of the WT (CRL266) strain. (ii) An enlarged view of
the indicated region shows normal spores. (B) EM images of the Spo5
(TK155) strain. (ii) An enlarged view shows that this strain formed
normal spore walls. (C) EM images of a spo5SA (AS18) cell that carries
three nuclei, indicating the meiotic process has ceased prematurely at
meiosis II. Enlarged views of the spore-like body (S) (ii) and a nucleus
that lacks forespore membrane and spore wall (iii) are shown. Cells
contain small vesicles in the cytoplasm (white arrows). (D) EM images
of a Spo5FAFA (TK163-FAFA) cell that carries two nuclei, probably
because the cell had stopped in the meiotic process before meiosis I1
was initiated. Enlarged views of the indicated region show the nuclei
that lack a spore wall (ii and iii). The white arrows indicate small
vesicles which accumulate abnormally throughout most of the cyto-
plasm in this strain. White scale bar, 0.5 pm. Black scale bar, 2 pm.

native Spo5 (Fig. 3B), resemble the spores of WT cells (Fig.
3A). In contrast, the EM images revealed that spo5A cells did
not form a spore wall at all (Fig. 3C). Enlarged pictures show
many small vesicles and the spore-like body without a nucleus
(Fig. 3C, panels ii and iii) in most of the spo5A cells. Since
these small vesicles are thought to be the precursors of the
forespore membrane (30), this abnormal accumulation of
small vesicles appears to be the causative phenotype that leads
to the failure of spo5A cells to form a forespore membrane.

EUKARYOT. CELL

The spore-like body may represent a structural body in which
the spore wall materials are abnormally organized. Similar
abnormal EM images were obtained from SpoSFAFA cells
(Fig. 3D), which further indicates that these two amino acids in
the RRM motifs are important for Spo5 function.

Spo5 is essential for forespore membrane formation and
structural modification of SPB. For the spore wall to be cor-
rectly constructed, it is essential for the postmeiotic nuclei to
be properly encapsulated by the forespore membrane (21, 29).
To examine whether the forespore membrane is formed nor-
mally in spo5A cells, we observed by microscopy the subcellular
localization of GFP-tagged Psyl, which is a component of the
forespore membrane (19). As shown in Fig. 4A, first and sec-
ond rows, the GFP-Psyl signal was detected as four strong
rings (open or closed) in the cells at metaphase II in almost all
WT cells (Fig. 4B). However, in all spo5A cells (Fig. 4B), no
forespore membrane rings were observed. Moreover, GFP-
Psyl appears to either accumulate outside the nuclei, where it
forms aggregated cores (Fig. 4A, third row), or remain in the
plasma membrane (Fig. 4A, fourth row). These results indicate
that the defective sporulation of spo5A cells is due to their
failure to form proper forespore membranes.

At meiosis II, the SPBs of WT cells are known to serve as the
starting site for the formation of the forespore membrane
(prospore membrane in budding yeast) and prior to forespore
membrane formation to transform from a dot into a crescent
shape (15). This transformation is not observed in spol5A cells,
which are defective in forespore membrane formation (7).
Thus, we examined whether the structural modification of
SPBs occurs in spoSA cells by immunostaining them with anti-
Sad1 antibody, which detects SPBs. As shown in Fig. 4C and D,
the spo5A cells did not exhibit any crescent forms during mei-
osis II. These results suggest that the defective formation of the
forespore membrane in spoSA cells is induced by the defective
structural modification of SPB.

Spo5 plays a role in prophase I. To accurately determine
the timing of Spo5 function, we examined the meiotic pro-
gression of 1%’ spo5A diploid cells after they were induced to
enter zygotic meiosis. We found that spo5A cells are normal
in the initiation of the horsetail phase and meiosis I. After
that, however, spo5SA cells harboring two nuclei did not
disappear even at 16 h after meiotic induction, by which
time most WT cells had completed sporulation (see Fig.
S4A in the supplemental material).

We next examined the synchronous meiotic progression of
spoSA patl-114 diploid cells after they were induced to enter
meiosis by temperature shift. We found that these cells also
showed abnormal meiotic progression, as they displayed a de-
layed peak of cells with two nuclei, and only 50% of the cells
were found to carry three or four nuclei 8 h after the temper-
ature shift, at which point almost all spo5™ patl-114 diploid
cells carried three or four nuclei (Fig. 5C, upper panels). After
8 h, many of the spo5A cells with four nuclei lysed and died.
Fluorescence-activated cell sorter analysis indicated that pre-
meiotic DNA synthesis in spoSA patl-114 diploid cells looked
normal (see Fig. S3 in the supplemental material). The exam-
ination of the timing of meiotic DSB formation by PFGE
analysis revealed that the formation and/or repair of DSB were
retarded in spoSA patl-114 diploid cells (Fig. 5A). We also
found that the frequency of intragenic recombination of the
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FIG. 4. The spo5A cells fail to form proper forespore membranes and display aberrant structural transformation of SPB. (A) Psy1, which is a
component of the forespore membrane, localizes abnormally in spo35A cells. YN68 (GFP-psyl ™) and AS44 (GFP-psyl™ spo5A) cells were induced
to enter meiosis, after which they were stained by Hoechst 33342 (blue) and GFP-Psyl (green) was observed by fluorescence microscopy. The
localizations of Psyl-GFP in WT cells were classified as normal (n), while the localizations of Psyl-GFP in spo5A cells were classified as abnormal
(a and b). The bar represents 10 wm. (B) Bar graphs showing the frequency of a, b, and n in WT and spo5A cells. The data show the averages of
three independent experiments with standard errors (error bars). (C) spo5A cells are defective in the structural transformation of SPBs that occurs
during meiosis II. WT cells (AS6) and spo5A cells (AS17) were induced to enter meiosis and then fixed and immunostained with Hoechst 33342
(blue), TAT-1 (green), or anti-Sad1 antibody (red). Merged images are also shown. The bar represents 10 pm. (D) The frequency of crescent SPBs

in anaphase II differs between WT and spo5A cells.

SpoSFAFA mutant was largely reduced compared with that of
the WT, indicating that Spo5 plays a role in meiotic recombi-
nation at prophase I (Fig. 5B).

To compare Spo5 expression with that of other meiotic reg-
ulators, we used HB buffer to prepare whole-cell extracts from
patl-114 diploid cells every 30 min after inducing meiosis, and
the extracts were subjected to Western blot analysis (see Ma-
terials and Methods). As shown in Fig. 5C (lower panels),
during the synchronized meiosis of pat1-114 diploid cells, Spo5
appeared early in prophase I (2 h), peaked at the middle of
prophase I (3 to 4 h), and then abruptly disappeared during

meiosis I and meiosis II. Notably, Spo5 displayed a band shift
during prophase I (Fig. 5C, uppermost panel), with the inten-
sity of the upper band gradually increasing after 3 h, while the
lower band almost disappeared at 4 h. This suggests that Spo5
is somehow modified during prophase I. It is not yet clear
whether this band shift is due to phosphorylation because Spo5
protein is extracted in an insoluble fraction and resists bio-
chemical analysis. Spo5 appeared slightly later than the ty-
rosine 15 phosphorylation of Cdc2 and Cdc13 (cyclin B), which
appears around premeiotic S phase (2 to 3 h). Spo5 disap-
peared at about the same time as the tyrosine 15 phosphory-
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FIG. 5. Analysis of the meiotic progression and Spo5 protein expression in spoSA cells. (A) The timing of DSBs repair was analyzed by PFGE
using DNA from patl-114 and spo5A patl-114 cells at the indicated time points of meiotic progression. Chr I, Chr II, and Chr III indicate the
positions of chromosomes 1, 2, and 3, respectively, that were detected by staining DNA with ethidium bromide. The smear bands represent the
DSBs that appear during meiosis. An asterisk indicates the position of degraded DNA derived from dead cells. (B) Intragenic recombination
between ade6-M26 and ade6-469 on chromosome III was examined in WT (TK24-M26 X TK24-469) or SpoSFAFA (TK171-M26 X TK171-469)
strains. The data show the average of three independent experiments with standard errors (error bars). (C) Determination of the kinetics of meiosis
using patl-114 strains and Western blot analysis of Spo5 protein expression. JZ670 (patl-114) and AS29 (spoSA patl-114) strains were induced to
enter synchronous meiosis, and cell extracts were prepared every 30 min. These extracts were dissolved in HB buffer (see Materials and Methods)
and subjected to Western blot analysis using antibodies against Spo5, Cdc2, phosphor Tyr15 of Cdc2 (p-Y15), Cdc13, or Meul3. The Cdc2 and
a-tubulin levels acted as loading controls. Meul3 is presented as a meiotic timing control.

lation of Cdc2 and slightly earlier than that of Cdc13. Cdc2 and rosine 15 phosphorylation of Cdc2 became weaker, it did not
Cdcl13 are lost on MII entry. Taken together, Spo5 is expressed disappear even 8 h after meiosis had been induced (Fig. 5C,
in the interval between premeiotic S phase and MII. right panels). The band for Cdc13 also weakened but contin-

When we compared this pattern to that in spo5SA pati-114 ued to remain until 7 to 8 h after the induction of meiosis. In
diploid cells, we found that, while the band showing the ty- contrast, in WT cells, these bands disappeared sharply 4 to 5 h
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after meiotic induction (Fig. 5C, left panels). We also obtained
similar data using the cell extracts dissolved in TCA (see Fig.
S4B in the supplemental material). These results indicate that
the tyrosine 15 dephosphorylation of Cdc2 and the degradation
of Cdcl3 in meiosis I are incomplete in spo5SA cells, which
suggests that Spo5 plays a pivotal role in the early events of
meiosis I (see Discussion).

Spo5 appears predominantly during meiosis I. To accu-
rately determine when Spo5 appears and disappears in meiosis,
we examined the subcellular localization of Spo5 under a mi-
croscope. To do so, we prepared a Spo5-GFP-expressing strain
in the h?° genetic background. The cells were induced to enter
zygotic meiosis, fixed by glutaraldehyde and paraformalde-
hyde, and stained with Hoechst 33342 to detect the nucleus
and with anti-Sad1 antibody to mark the SPBs for the purpose
of monitoring the timing of meiotic progression. Successful
expression of intact Spo5-GFP fusion protein of the expected
size was confirmed by Western blot analysis (see Fig. S2B in
the supplemental material). As shown in Fig. 6A (third row),
no GFP signal was detected during vegetative growth phase
(uppermost panels). Upon mating, however, the Spo5-GFP
fusion protein appeared in the cytoplasm at the horsetail
phase and peaked in the middle of meiosis I, probably
around the metaphase I to anaphase I transition. Thereaf-
ter, the intensity of the GFP signal weakened slightly at
prometaphase II and suddenly decreased at metaphase II.
By anaphase II, the GFP signal had almost disappeared. The
bar graph showing the intensity of the GFP signal clearly
reveals that the most intense peaks occurred around meta-
phase I and anaphase I (Fig. 6B). This subcellular behavior
of Spo5-GFP protein is consistent with the results obtained
by Western blot analysis (Fig. 5C).

Interestingly, in some of the cells at the horsetail phase, the
GFP signals appeared as one or two dots in the nucleus that
resemble a Mei2 dot (Fig. 6C). It was difficult to determine
whether these Spo5 dots also occur in the cells at prometa-
phase I and anaphase I since the GFP signals were too strong.
On the other hand, no Spo5 dots were detected in the cells at
prometaphase II.

Spo5 forms a Mei2 dot-like focus in the nucleus. To examine
the Spo5 dot in more detail in live cells, we obtained images of
meiotic Spo5-GFP-expressing cells under a microscope. As
shown in Fig. 7A, this analysis revealed that, during meiosis
(panel i, second and third rows), Spo5-GFP has a punctuate
distribution in the cytoplasm that peaks around prophase I
(horsetail phase) and meiosis I (panel ii). Moreover, we could
observe the GFP signal as dots in the nucleus during the
horsetail phase more frequently than we could in fixed cells
(Fig. 7A, panel i, second and third rows). The Spo5 dot appears
at the horsetail phase and later disappears at late meiosis I and
meiosis II. The number of Spo5 dots in the nucleus varies;
about half of the cells had one or two dots, while 4% of all cells
carried aberrant number of dots, namely, more than three dots
(Fig. 7B, lower panel).

To examine whether the Spo5 dot colocalizes with the Mei2
dot, we constructed the h*° spo5-GFP mei2-CFP strain and
observed the Mei2-cyan fluorescent protein (CFP) signal in
these cells under a microscope 6 h after meiosis was induced by
nitrogen starvation. We found that when a single Spo5 dot was
present in the cell, it colocalized with a single Mei2 dot in the
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nucleus (Fig. 7C, upper panels). Moreover, all cells carrying
two Spo5 dots carry two Mei2 dots, and both of these dots
colocalized with each other (Fig. 7C, lower panels). In these
experiments, we confirmed that the SpoS-GFP signal was not
detected by the CFP filter and that the Mei2-CFP signal was not
detected by the GFP filter (data not shown); this excludes the
possibility that the colocalizations are due to artifacts. These re-
sults suggest that Spo5 and Mei2 behave similarly in the nucleus
during meiosis.

It is known that the Mei2 dot localizes at the sme2 locus on
chromosome II (28) and that Mei2 dot formation is dependent
on meiRNA expressed from the sme2 gene. To determine
whether Spo5 dot formation is also dependent on the sme2
gene, we constructed the 2%’ spo5-GFP sme2A strain. As shown
in Fig. S6A in the supplemental material, these cells contain
Spo5 dots, which indicates that the formation of the Spo5 dot
is independent of the sme2 gene. Similarly, Mei2 dots can be
observed in spoSA cells, which indicate that the Mei2 dot forms
independently of the spo5™ gene (see Fig. S6B in the supple-
mental material). To examine whether the Spo5 and Mei2
proteins interact, we performed a two-hybrid assay and found
they interact only weakly, if at all (see Fig. S5 in the supple-
mental material). We also performed pull-down assays with
affinity-purified GST-Spo5 fusion protein and the cell lysate of
the mei2-9myc™ strain; this technique also failed to detect a
significant interaction between the two proteins (data not
shown). These results suggest the existence of a putative
ncRNA gene that is required for Spo5 dot formation in the
vicinity of the sme2 gene. Its gene product may form a complex
with Spo5 and play an important role in meiotic progression in
a manner similar to, but independent of, the Mei2/meiRNA
complex.

Subcellular localization of mutated Spo5. To determine
which part of the Spo5 molecule is important for its subcellular
localization, we induced the #*’ spo5 mutant strains described
previously (Fig. 2C) to enter meiosis by nitrogen starvation
(see Fig. S7 in the supplemental material). We found that, at
the horsetail phase, both Spo5N and Spo5C display a ubiqui-
tous distribution in the cytoplasm and nucleus, whereas WT
Spo5 is present as one or two dots in the nucleus (see Fig. STA
in the supplemental material). Since SpoSFAFA shows a punc-
tuate distribution in both the cytoplasm and nucleus at the
horsetail phase, it is difficult to determine whether it forms a
dot in the nucleus.

In cells at meiosis I, similar abnormal subcellular localiza-
tions were observed (see Fig. S7B in the supplemental mate-
rial). Notably, Spo5N showed intense nuclear signals com-
pared to those shown by the WT and other Spo5 mutants,
which suggests that the C-terminal portion of Spo5, containing
both RRM motifs (F341 and F427), plays an important role in
directing the correct subcellular localization of SpoS.

In sporulated mutant cells that failed to form spore walls,
the mutated Spo5SN and Spo5C proteins appeared to remain in
the nucleus of the spores (see Fig. S5C in the supplemental
material). SpoSFAFA protein was also visible throughout the
asci. In contrast, no WT Spo5 was visible in the asci, which is
consistent with the results shown above indicating that Spo5 is
absent at the late stages of meiosis (Fig. 5C and 6A).
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DISCUSSION

In the present study, we report that the putative RNA-
binding protein Spo5 displays meiosis-specific expression that
peaks around prophase I (Fig. 1 and 5). An examination of its
subcellular localization indicated that Spo5 appears at the
horsetail phase (prophase I) and disappears at the beginning of
meiosis II (Fig. 5 and 6). These kinetics of expression were
confirmed by Western blot analysis (Fig. 5). The disruption of
Spo5 induced abnormal sporulation due to failed forespore
membrane formation (Fig. 4) and the absence of a spore wall
(Fig. 2 and 3). Indeed, these phenotypes caused spo5™ to be
described originally as the sporulation mutant spo5 (6). We
also found that the SPB modification that normally occurs
around the end of meiosis II was aberrant in spo5A cells (Fig.
4). Since, in spoSA cells, the premeiotic DNA synthesis looks
normal, as determined by fluorescence-activated cell sorter
analysis (see Fig. S3 in the supplemental material), and meiosis
I starts in a timely fashion, as judged by Western blot analysis
of the tyrosine 15 phosphorylation of Cdc2 (Fig. 5), we con-
clude that Spo5 functions somewhere between prophase I and
meiosis II. Given that, in spo5SA cells, the peaking of cells
bearing two nuclei was delayed by more than 1 h (Fig. 5C) and
the Spo5-GFP signal in spo5*-GFP-expressing cells was max-
imal between metaphase I and anaphase I (Fig. 6), we specu-
late that SpoS primarily regulates the progression from
prophase I to anaphase I and its putative function around
meiosis I and meiosis II (see below) may be its secondary
function. Retarded formation and/or repair of DSBs (Fig. 5A)
and the reduced frequency of intragenic recombination (Fig.
5B) in spo5 mutant cells also indicate that Spo5 mainly func-
tions at prophase I.

In the fission yeast, meiosis-specific alternative splicing plays
an essential role in controlling gene expression during meiosis
(1). We examined whether Spo5 regulates the splicing of these
meiotically regulated genes by RT-PCR using the strategy de-
scribed in Fig. 1B. However, spo5A cells did not show any
abnormalities in mRNA splicing (see Fig. S8 in the supple-
mental material). Thus, Spo5 is not involved in the alternative
splicing of these genes.

Of the various phenotypes of spo5A cells, one was that their
abnormal progression of meiosis I caused the incomplete deg-
radation of Cdcl3 (cyclin B) and the insufficient tyrosine 15
dephosphorylation of Cdc2 (Fig. 5C and see Fig. S4B in the
supplemental material). During meiosis in S. pombe, the in-
complete degradation of Cdcl3 occurs as the cells exit from
meiosis I and initiate meiosis II; this degradation event is
regulated by the meiosis-specific small protein Mesl (8). Cdc13
and Mesl can interact with the same domain in Slp1 (Cdc20 in
Saccharomyces cerevisiae), which functions as a substrate adap-
tor that recruits substrates to APC/C, thereby activating this
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ubiquitin ligase (31). Consequently, Mesl may be a competi-
tive inhibitor of the binding of Cdc13 to APC/CS'P! (22). Thus,
Mesl regulates ubiquitination activity to a level that permits
sufficient separase activation but is not enough to result in
complete Cdcl3 inactivation.

Since the degradation of Cdcl3 is partially inhibited in
spoSA cells and Mesl plays an essential role in the progression
of meiosis from meiosis I to meiosis II, we surmised that Spo5
may suppress the role Mesl plays in regulating Cdc13 stability.
To test this, we examined whether the absence of Mesl ex-
pression in spo5A cells would cause them to recover their
abilities to progress through meiosis II normally. However,
when we prepared the spo5A mesIA double mutant strain and
examined its meiotic progression, we found that it ceased mei-
osis before entering meiosis II, which is a phenotype of the
mesIA single mutant cells (data not shown). Thus, Spo5 acts
earlier than Mes1 in meiotic progression, and Spo5 does not
seem to regulate the function of Mesl in determining Cdc13
stability.

We also report here that Spo5 forms a dot structure in the
horsetail nucleus during meiotic prophase I (Fig. 7C), and that
this dot colocalizes with the Mei2 dot, which is formed off the
sme2 gene locus on chromosome II (28). Mei2 dot formation
requires the meiosis-specific RNA species meiRNA, which is
expressed from the sme2 gene (35). Consequently, we expected
that the Spo5 dot would, like the Mei2 dot, also disappear in
sme2A cells. However, it appears that the Spo5 dot is formed
independently of the sme2 gene (see Fig. S6A in the supple-
mental material). Moreover, while Mei2 is essential for induc-
ing both premeiotic DNA synthesis and meiosis I (34), pre-
meiotic DNA synthesis was normal in spo5A cells (see Fig. S3
in the supplemental material). This indicates that Spo5 func-
tions later in meiotic progression than Mei2 does. Further-
more, the structure of Spo5 is essentially distinct from that of
Mei2 since it carries two RRMs while Mei2 carries three
RRMs. In addition, Mei2 dot formation is independent of
Spo5 since Mei2 dots can be observed in spoSA cells (see Fig.
S6B in the supplemental material). Finally, Spo5 and Mei2
were not found to interact directly (see Fig. S5 in the supple-
mental material). These results indicate that the Spo5 dot is
essentially distinct from the Mei2 dot and that Spo5 and Mei2
behave independently during meiosis. Nonetheless, we specu-
late that these two molecules may still interact, albeit indi-
rectly, by associating with an as-yet-uncharacterized large com-
plex that localizes in the vicinity of the sme2 gene locus on
chromosome II.

Like Mei2, which intrinsically undergoes nucleocytoplasmic
shuttling (26), the primary part of Spo5 is excluded from the
nucleus and is localized in the cytoplasm (Fig. 7). However, in
Spo5 mutant cells that are defective in sporulation, the Spo5-

FIG. 6. Subcellular localization of Spo5-GFP in chemically fixed AS17 (h90 spo5 " -GFP) cells. (A) Fluorescence from Spo5-GFP was observed
at various stages of meiosis after meiosis was induced by nitrogen starvation. To correctly monitor the stages of meiotic progression, the cells were
immunostained with the anti-Sadl antibody to mark the SPB. Images analyzed by fluorescence microscopy for DNA (blue), Spo5-GFP (green),
and SPB (red) were merged and are shown in the rightmost panels. Bar, 10 pm. (B) Bar graphs showing the frequency of cells bearing strong
Spo5-GFP signals at each stage of meiosis. The fluorescence intensity from each cell was measured under a microscope and averaged. The number
of counted cells is denoted in each bar. Error bars indicate standard deviations. (C) The Spo5-GFP signal occurs as a nuclear dot in some AS17

cells that are undergoing meiosis.
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fluorescence intensity in cells at each stage. The strongest and weakest GFP signal intensities that were observed were set to 100% and 0%,
respectively. On the basis of this, the fluorescent intensity of each cell was classified into one of three groups. The data show the averages of three
independent experiments with standard errors (error bars). (B) Examples of cells showing more than one dot in the prophase I nucleus. (i) The
localization of Spo5-GFP in cells at meiotic prophase was observed, and some typical images are shown. The frequency of cells with one, two, or
three Spo5-GFP dots was assessed by counting 120 cells in prophase I. The insets show enlarged images of the Spo5 dots in the nucleus, as indicated
by the white arrowheads. Bar, 10 pwm. Error bars indicate standard deviations. (ii) The bar graph shows the frequency of cells with one, two, or
three Spo5 dots at prophase 1. (C) Colocalization of Spo5 dots with Mei2 dots during meiotic prophase 1. AS24 (h*’ spo5*-GFP mei2™*-CFP) cells
induced to enter meiosis were analyzed by fluorescence microscopy for DNA (blue), Spo5-GFP (green), and Mei2-CFP (red) expression. The
merged images of these signals are shown in the rightmost panels. The dots are indicated by white arrowheads. Bar, 10 pm.
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GFP signal is observed homogeneously in both the cytoplasm
and nucleus throughout meiosis (see Fig. S7 in the supplemen-
tal material). This indicates that the exclusion of Spo5 from the
nucleus is defective in these mutants, even though no nuclear
export signal was found in Spo5. Thus, it is not clear whether
the Spo5 dot is formed in the nucleus in these mutant cells.
Since both Spo5SN and Spo5C mutants are unable to be effi-
ciently exported, it appears that the proper export of Spo5
requires its full size. The functions of Spo5 in both the cyto-
plasm and nucleus remain to be determined.
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