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ABSTRACT Sporulation of Saccharomyces cerevisiae is a developmental process in
which an ascus containing four haploid spores forms from a diploid cell. During this pro-
cess, newly formed membrane structures called prospore membranes extend along the
nuclear envelope and engulf and package daughter nuclei along with cytosol and or-
ganelles to form precursors of spores. Proteins involved in prospore membrane exten-
sion, Vps13 and Spo71, have recently been reported; however, the overall mechanism of
membrane extension remains unclear. Here, we identified Spo73 as an additional factor
involved in prospore membrane extension. Analysis of a spo73� mutant revealed that it
shows defects similar to those of a spo71� mutant during prospore membrane forma-
tion. Spo73 localizes to the prospore membrane, and this localization is independent of
Spo71 and Vps13. In contrast, a Spo73 protein carrying mutations in a surface basic
patch mislocalizes to the cytoplasm and overexpression of Spo71 can partially rescue lo-
calization to the prospore membrane. Similar to spo71� mutants, spo73� mutants dis-
play genetic interactions with the mutations in the SMA2 and SPO1 genes involved in
prospore membrane bending. Further, our bioinformatic analysis revealed that Spo73 is
a dysferlin domain-only protein. Thus, these results suggest that a dysferlin domain-only
protein, Spo73, functions with a dual pleckstrin homology domain protein, Spo71, in
prospore membrane extension. Analysis of Spo73 will provide insights into the con-
served function of dysferlin domains, which is related to dysferlinopathy.

IMPORTANCE Prospore membrane formation consists of de novo double-membrane
formation, which occurs during the developmental process of sporulation in Saccharo-
myces cerevisiae. Membranes are formed into their proper size and shape, and thus,
prospore membrane formation has been studied as a general model of membrane for-
mation. We identified SPO73, previously shown to be required for spore wall formation,
as an additional gene involved in prospore membrane extension. Genetic and cell bio-
logical analyses suggested that Spo73 functions on the prospore membrane with other
factors in prospore membrane extension, counteracting the bending force of the pros-
pore membrane. Spo73 is the first dysferlin domain-only protein ever analyzed. The dys-
ferlin domain is conserved from yeast to mammals and is found in dysferlin proteins,
which are involved in dysferlinopathy, although the precise function of the domain is
unknown. Continued analysis of Spo73 will contribute to our understanding of the func-
tion of dysferlin domains and dysferlinopathy.
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The yeast Saccharomyces cerevisiae initiates the developmental process of sporula-
tion under conditions of nitrogen deprivation and the presence of a nonferment-

able carbon source. Four spores are formed inside a diploid cell, which turns into an
ascus. In this process, four new membranes called prospore membranes are formed in
the cytosol of the diploid cell during meiosis II, encapsulate the four nuclei, respectively,
and become plasma membranes of each spore (1–3).

A prospore membrane grows through a series of discrete morphological stages
(Fig. 1A). (i) It appears as a small horseshoe-shaped structure at the cytoplasmic surface
of the spindle pole body by fusion of post-Golgi vesicles; (ii) it expands into a small
round shape; (iii) as meiosis II progresses, it extends along the nuclear envelope and is
shaped into a tube-like or cashew nut-like structure engulfing the nucleus, cytoplasm,
and organelles; and (iv) at the end of the meiotic process, it quickly turns into a round
shape of mature size, just following or at the same time as the closure of its leading
edge (4–6). Prospore membrane formation is a process of de novo membrane formation
into a proper size and shape; thus, it is considered to be a model of biological
membrane formation.

Previous studies have shown that VPS13 and SPO71 function in prospore membrane
extension. VPS13 was originally identified as a gene involved in trans-Golgi network–
endosomal cycling of a subset of membrane proteins and was shown to be required for
vacuolar protein sorting (7). VPS13 also has a function in sporulation; vps13� mutant
cells can only form small prospore membranes and are sporulation defective (8, 9).
SPO71, which encodes a dual pleckstrin homology (PH) domain protein, was identified
in screening for genes upregulated during and required for sporulation (10). spo71�

mutant cells also form small prospore membranes, although the defect looks less
severe than that in vps13� mutant cells (11). An analysis of the relationship between
these proteins revealed that Spo71 interacts with Vps13 and recruits it to the prospore
membrane, where both proteins colocalize (12). Further, Vps13 and Spo71 are sug-
gested to have a function in regulating the levels of phosphatidylinositol 4-phosphate
(PI4P) in prospore membranes; PI4P pools of prospore membranes are reduced in
vps13� and spo71� mutants (12). PI4P has a variety of cellular roles, including the
regulation of membrane traffic through the Golgi apparatus (13). Thus, decreased levels
of PI4P in the prospore membrane of these mutant cells could cause some defect in
prospore membrane extension. However, the overall mechanism of prospore mem-
brane extension is still unknown.

The spore membrane-bending pathway and the leading-edge complex (LEC), both
of which are important for the shape of the prospore membrane, could also contribute
to proper prospore membrane extension. The spore membrane-bending pathway
consists of a phospholipase B, Spo1; a membrane protein, Sma2; and
glycophosphatidylinositol-anchored proteins, including Spo19 (14). These proteins are
suggested to exert a bending force toward the nucleus during prospore membrane
growth to facilitate its proper shaping; in spo1� and sma2� mutants, prospore mem-
branes become wide and open. The LEC is a protein complex that localizes to the lip
of each prospore membrane and consists of at least four proteins, including Don1 and
an essential component, Ssp1 (15–17). Deletion of the SSP1 gene causes the formation
of unnaturally elongated prospore membranes that stick tightly to the nuclear enve-
lope (15), suggesting that the LEC counteracts the bending force of the prospore
membrane until it is removed at the onset of closure of the prospore membrane (4, 18).

In this study, we performed a screening for additional genes involved in prospore
membrane extension and identified SPO73, which was previously suggested to be
involved in spore wall formation (19). spo73� mutant cells show phenotypes similar to
those of spo71� mutant cells. We also show that a Spo73 protein carrying mutations in
a surface basic patch mislocalizes to the cytoplasm and overexpression of Spo71 can
partially rescue localization to the prospore membrane. Additionally, we find that, as is
the case with SPO71 (11), SPO73 genetically interacts with SPO1 and SMA2; double
mutants partially recover sporulation, suggesting that they have opposing functions in
prospore membrane extension. Further, our bioinformatic analysis revealed that Spo73

Okumura et al.

Volume 1 Issue 1 e00038-15 msphere.asm.org 2

 on M
arch 8, 2017 by guest

http://m
sphere.asm

.org/
D

ow
nloaded from

 

msphere.asm.org


is a dysferlin domain-only protein. Dysferlin domains are found in a subset of ferlin
family proteins, including dysferlin, which is associated with the plasma membrane,
t-tubule network, and intracellular vesicles in skeletal muscle and is involved in Ca2�-
dependent plasma membrane repair (20). Mutations in this domain of the dysferlin
protein cause dysferlinopathies, including limb girdle muscular dystrophy type 2B and
Miyoshi myopathy (20–23), although the precise function of the domain is not known.
Thus, analysis of Spo73 will help our understanding of the function of dysferlin domains
and may contribute to understanding of the molecular basis of dysferlinopathies.

RESULTS
Screening for mutants defective in prospore membrane extension identified the
spo73� mutant. Previous screening for mutants defective in prospore membrane
formation identified eight mutants (8). One of them, the vps13� mutant, formed small
round prospore membranes, indicating that VPS13 is required for proper prospore
membrane extension. However, the overall mechanism of prospore membrane exten-
sion was almost unknown. To obtain additional mutants defective in prospore mem-
brane extension, we expanded the screening to 293 mutants (for a list of corresponding
genes, see Table S1 in the supplemental material) that were selected from the deletion
collection based on previous reports of genome-wide analyses of sporulation defects
(24–26). Mutants analyzed in previous screenings, mutants with changes in functionally
characterized genes, and strains that did not grow well were excluded from this study,
and the vps13� mutant was used as a control. A green fluorescent protein (GFP)-tagged
Spo20 lipid-binding domain (27) was expressed as a prospore membrane marker in
those mutants and observed under a microscope during sporulation, one by one. We

FIG 1 Observation of prospore membranes in wild-type (WT) and spo73� and spo71� mutant cells.
(A) Overview of the stages of prospore membrane formation. SPB, spindle pole body. (B) Wild-type
and vps13�, spo73�, and spo71� mutant cells in the BY4743 background expressing GFP-SPO2051-91

were sporulated for 24 to 36 h and subjected to fluorescence microscopy. (C) AN120 (wild-type),
TC545 (spo73� mutant), and TC581 (spo71� mutant) cells expressing GFP-SPO2051-91 were sporulated
for 6.5 h and subjected to time-lapse microscopic analysis. The time after the start of observation is
shown in minutes. Scale bars, 5 �m.
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identified two mutants, the spo71� and spo73� mutants, that showed only a small
prospore membrane pattern suggestive of a prospore membrane extension defect
(Fig. 1B). During the course of our study, Spo71 was reported to be involved in prospore
membrane extension (11). Therefore, we focused on Spo73. SPO73 encodes a 143-
amino-acid protein with a dysferlin C-terminal domain in its C-terminal region (19).
Analysis with HHpred revealed that the Spo73 protein also contains a dysferlin
N-terminal domain in its N-terminal region; thus, Spo73 is a dysferlin domain-only
protein. As all of the dysferlin domain-containing proteins characterized so far contain
other domains (20, 28), such as transmembrane and/or c2 domains, Spo73 is the first
example of a dysferlin domain-only protein. Spo73 was first identified in a genome-
wide screening for genes upregulated during and involved in sporulation and has been
shown to be required for spore wall formation (10, 19). No relatedness of Spo73 to
prospore membrane formation has previously been reported.

The small prospore membrane phenotype of the spo73� mutant was confirmed by
time-lapse video microscopy. To observe sporulation more precisely, fast-sporulating
SK1 background strains were used. In wild-type cells, prospore membranes appeared as
four horseshoe-shaped membrane structures, enlarged to form four small round
shapes, extended to form tube-like shapes, and finally closed and quickly attained their
spherical shapes (Fig. 1C; see Movie S1 in the supplemental material). In spo73� mutant
cells, prospore membranes appeared and enlarged to form four small round mem-
branes, as observed in wild-type cells (Fig. 1C; see Movie S2 in the supplemental
material). However, prospore membrane extension stopped at this stage and extension
to tube-like structures was never observed. This phenotype was similar to that of
spo71� mutant cells (Fig. 1C; see Movie S3 in the supplemental material). These results
indicated that a dysferlin domain-only protein, Spo73, is involved in prospore mem-
brane extension.

Capture of the nuclei by prospore membranes is partially defective in
spo73� mutant cells. Small prospore membranes in spo73� mutant cells sometimes
failed to capture each nucleus, although it has been reported that small prospore
membranes in spo71� mutant cells capture each nucleus efficiently (11). Capture of
nuclei by prospore membranes was examined in wild-type and spo73� mutant cells.
Histone 2B tagged with mCherry was used as a nuclear marker and observed with a
prospore membrane marker during sporulation. In contrast to wild-type cells, in which
the vast majority of the nuclei were captured by prospore membranes, 42% of the
prospore membranes failed to capture nuclei in spo73� mutant cells (Fig. 2A). In
addition, we found that, in contrast to a previous report, 40% of the prospore mem-
branes failed to capture nuclei in spo71� mutant cells (Fig. 2A). To confirm that the
spo73� mutant has a defect in nuclear capture, time-lapse analysis was performed.
While nuclear capture occurred efficiently in wild-type cells (Fig. 2B; see Movie S4 in the
supplemental material), in spo73� mutant cells, we easily found cells in which prospore
membranes failed to capture nuclei (Fig. 2B; see Movie S5). In these cells, the nuclei,
marked by Htb2-mCherry, stuck at the leading edge of the prospore membrane and
could not be engulfed. Thus, spo73� mutant cells have a partial defect in nuclear
capture by prospore membranes, and a similar phenotype is also seen in spo71�

mutant cells.
Phenotype of the spo73� mutant is similar to that of spo71� and vps13�

mutants. We saw similar defects in prospore membrane extension and nuclear capture
in spo73� and spo71� mutant cells. spo71� mutant cells have been shown to form
prospore membranes with bubbles or intraluminal vesicles between double mem-
branes, have a partial defect in removal of the LEC, and form prospore membranes with
decreased levels of PI4P (12). Thus, we examined spo73� mutant cells for these
phenotypes. First, we performed electron microscopy (EM) analysis. Wild-type and
spo73� mutant cells were sporulated and analyzed by EM. In wild-type cells, all of the
prospore membranes looked to be closely apposed double membranes except for
those in cells with apparent spore walls (Fig. 3A). In contrast, about 40% (68 in 167) of
spo73� mutant prospore membranes showed bubbles or intraluminal vesicles (Fig. 3B
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to D), which have previously been reported in spo71� and vps13� mutant cells (12).
Next, we assessed the removal of the LEC, which is required for prospore membrane
closure. Postmeiotic cells selected by 4=,6-diamidino-2-phenylindole (DAPI) staining
were observed to detect LECs by using Don1-GFP as a marker. While most LECs were
removed in wild-type postmeiotic cells, the LECs of 30% of the prospore membranes
were still present in postmeiotic spo73� mutant cells, suggesting a partial defect in
prospore membrane closure (Fig. 3E). Finally, PI4P levels at the prospore membrane
were examined by using GFP-PHOSH2 (29) as a PI4P biosensor and Dtr1 fused to red
fluorescent protein (RFP) (9) as a prospore membrane marker. Although the original
procedure was mostly reproducible, we revised the experimental procedure to observe
sporulating cells at 7 to 9 h at 30°C to focus on cells around the time of prospore
membrane formation. In all three strains, about 80% of the RFP-positive prospore
membranes were GFP positive, indicating that PI4P levels were not changed in wild-
type and spo73� and spo71� mutant cells (Fig. 3F). This is in contrast to an earlier report
indicating that PI4P levels are reduced in spo71� mutant cells (12). The reason for this
discrepancy is unclear; nonetheless, these results indicate that the spo73� mutant has
prospore membrane extension defects similar to those of the spo71� and vps13�

mutants.
Spo73 localizes to the prospore membrane independently of Spo71 and

Vps13. Coluccio et al. have shown that hemagglutinin-tagged Spo73 localizes to dots
on prospore membranes in fixed cells (19). Subcellular localization of Spo73 protein was
observed in live cells by using N-terminally GFP-tagged Spo73 expressed from a
low-copy-number vector. Although the plasmid rescued the sporulation defect of the
spo73� mutant, no apparent localization pattern was observed (data not shown).
Therefore, GFP-Spo73 was overexpressed during sporulation by using a multicopy
vector. Upon overexpression, a clear prospore membrane pattern was observed
(Fig. 4A). Colocalization with a prospore membrane marker confirmed that Spo73
localizes to prospore membranes (Fig. 4B).

Vps13 localization to prospore membranes is dependent on Spo71 (12). Thus,
interdependency of localization among Spo73, Spo71, and Vps13 was analyzed. A

FIG 2 Analysis of nucleus capture in wild-type (WT) and spo73� and spo71� mutant cells. (A) AN120
(wild-type), TC545 (spo73� mutant), and TC581 (spo71� mutant) cells expressing GFP-SPO2051-91 and
HTB2-mCherry were sporulated for 8 to 9 h, and nuclear capture by prospore membranes was
observed. Representative pictures are shown. More than 50 prospore membranes were examined in
three independent colonies of each strain, and the percentage of prospore membranes that suc-
cessfully captured each nucleus is shown as the mean value � the standard deviation. **, P < 0.01
(Dunnett’s test). (B) AN120 (wild-type) and TC545 (spo73� mutant) cells expressing GFP-SPO2051-91

and HTB2-mCherry were sporulated for 6.5 h and subjected to time-lapse microscopic analysis. The
time after the start of observation is shown in minutes. Scale bars, 5 �m.
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FIG 3 Phenotypic analysis of spo73� mutant. (A to D) AN120 (wild-type [WT], A) and TC545 (spo73�
mutant, B to D) cells were sporulated for 7.5 h and subjected to EM analysis. Prospore membranes
and intraluminal vesicles are indicated by arrowheads and arrows, respectively. N, nucleus; PrM,
prospore membrane. A scale bar is shown in each panel. (E) YUY088 (DON1-GFP), YUY090(DON1-GFP
spo73�), and YUY089 (DON1-GFP spo71�) cells expressing mRFP-SPO2051-91 were sporulated for 9 to
11 h to analyze postmeiotic cells selected with DAPI staining. Representative cells are shown. Upper
panels for each strain show cells in which Don1 was concentrated on the prospore membrane. Lower
panels for each strain show cells in which Don1 was dispersed in the cytoplasm localization after
removal from the leading edge. Scale bar, 5 �m. The percentage of cells showing each pattern is
shown. More than 100 prospore membranes were examined for each strain. (F) AN120 (wild-type),
TC545 (spo73� mutant), and TC581 (spo71� mutant) cells expressing DTR1-mRFP and GFP-PHOSH2

were sporulated for 7.5 to 9 h and observed. Representative cells are shown. Scale bar, 5 �m. The
average percentage of GFP-PHOSH2-positive prospore membranes in Dtr1-mRFP-positive prospore
membranes is shown with the standard deviation. More than 50 prospore membranes were scored
in three separate experiments. n.s., not significant (Dunnett’s test).
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