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Precise control over organelle shapes is essential for cellular

organization and morphogenesis. During yeast meiosis,

prospore membranes (PSMs) constitute bell-shaped orga-

nelles that enwrap the postmeiotic nuclei leading to the

cellularization of the mother cell’s cytoplasm and to spore

formation. Here, we analysed how the PSMs acquire their

curved bell-shaped structure. We discovered that two antag-

onizing forces ensure PSM shaping and proper closure

during cytokinesis. The Ssp1p-containing coat at the leading

edge of the PSM generates a pushing force, which is

counteracted by a novel pathway, the spore membrane-

bending pathway (SpoMBe). Using genetics, we found that

Sma2p and Spo1p, a phospholipase, as well as several GPI-

anchored proteins belong to the SpoMBe pathway. They

exert a force all along the membrane, responsible for

membrane bending during PSM biogenesis and for PSM

closure during cytokinesis. We showed that the SpoMBe

pathway involves asymmetric distribution of Sma2p and

does not involve a GPI-protein-containing matrix. Rather,

repulsive forces generated by asymmetrically distributed

and dynamically moving GPI-proteins are suggested as the

membrane-bending principle.

The EMBO Journal (2008) 27, 2363–2374. doi:10.1038/

emboj.2008.168; Published online 28 August 2008

Subject Categories: membranes & transport; differentiation &

death

Keywords: cell and organelle morphogenesis; GPI-anchored

proteins; membrane shaping; phospholipase; sporulation

Introduction

It is a fundamental problem in cell biology to understand the

mechanisms that lead to a specific shape of a membrane and

how this relates to the function of an organelle. Membrane

deformation and curvature can be influenced through the

cytoskeleton, the shapes of peripheral or integral membrane

proteins and through particular lipid compositions

(McMahon and Gallop, 2005; Voeltz and Prinz, 2007).

Previous investigations concentrated mainly on highly

curved membranes, such as budding vesicles or tubulated

organelles. However, much less is known about membrane

curvature in the range of several hundred nanometers, which

occurs, for example, during intracellular budding and

different modes of autophagy.

Intracellular budding is a developmentally regulated way

of cell division. Thereby, DNA segregation and the nuclear

divisions (one, two or several rounds) are uncoupled from

the physical cell separation process, leading to the formation

of a syncytium. Each of the nuclei is then enwrapped by a

de novo formed intracellular membrane system, which

leads to cellularization within the boundaries of the

original mother cell. This process is cytologically conserved

in plants, pathogenic protists, fungi and yeasts (McCormick,

2004; Taxis and Knop, 2004). Examples include endosporula-

tion during the host-specific vegetative life cycle of patho-

genic ascomycetes like Coccidioides immitis (Miyaji et al,

1985) and during meiosis of model organisms such as

Saccharomyces cerevisiae and Schizosaccharomyces pombe

(Moreno-Borchart and Knop, 2003; Shimoda, 2004;

Neiman, 2005).

In yeast meiosis, the new membrane systems are called

prospore membranes (PSMs). PSM biogenesis starts at the

onset of meiosis II with the homotypic fusion of secretory

vesicles at the spindle pole bodies (SPBs), the centrosomes of

yeast, which are embedded in the nuclear envelope (Moens

and Rapport, 1971; Neiman, 1998; Knop and Strasser, 2000;

Riedel et al, 2005). Initially, a PSM resembles a flattened

pouch similar to a single Golgi cisterna. Constant vesicle

fusion leads to the expansion of the PSMs. They acquire

characteristic bell-like shapes while growing through

the cytosol around the underlying nuclei. The forefront

of the PSM is covered by the so-called leading edge

protein coat (LEP coat, Figure 1A), which persists during

PSM growth and consists of two coiled-coil proteins

(Don1p and Ady3p) and Ssp1p, a protein essential for

sporulation with functional resemblance to septins (Knop

and Strasser, 2000; Moreno-Borchart et al, 2001; Maier

et al, 2007).

During cytokinesis at the end of meiosis II, Ssp1p is

removed from the LEP coat. This is sufficient to enable closure

of the PSM forefronts (Maier et al, 2007) and leads to the

formation of two stacked membrane bilayers surrounding the

nuclei. The intervening space of these two membranes is

then filled up with the different layers of the spore wall

(Briza et al, 1986; Tachikawa et al, 2001). Whereas spore

wall maturation is dependent on actin, PSM assembly and

closure do not require the actin cytoskeleton (Taxis and

Knop, 2006).

At present, it is unknown how the PSMs obtain their

curved bell shape. Here, we identified constituents of

the spore membrane bending (SpoMBe) pathway, which

induces long-range membrane curvature along the PSM. We
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characterized the respective contribution of this pathway as

well as the LEP coat on PSM shape. Finally, detailed cell

biological analyses of the SpoMBe propose a model, in which

GPI-anchored proteins localize asymmetrically to the nu-

cleus-proximal PSM bilayer and, owing to sterical repulsion,

force the PSM to bend.

Results

Sma2p is required for PSM curvature in yeast meiosis

A systematic screen identified meiotically upregulated

genes required for spore formation, called SMA genes

(spore membrane assembly (Rabitsch et al, 2001)). The
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Dsma2 mutant progresses normally through the meiotic

divisions (Rabitsch et al, 2001; Supplementary Figure S1),

but it forms LEP coats with unusually large diameters and

subsequently fails to form spores. We analysed the assembly

and growth of the LEP coats in living cells with Don1p–GFP

as a marker (Knop and Strasser, 2000) and quantified the LEP

coat perimeters in wild-type and Dsma2 cells (Figure 1B and

C, Supplementary Movies S1 and S2). During initial stages of

LEP coat assembly, we could not identify any difference

between the wild-type and the Dsma2 mutant. Once

assembled, the size of the wt-LEP coat is limited to a

circumference of B3 mm. However, in the Dsma2 mutant, it

continuously grows during anaphase II up to more than 7 mm.

The increased LEP coats might be a secondary effect of

their detachment from the PSM forefront or the consequence

of oversized PSM openings. To distinguish these two possibi-

lities, we used immunofluorescence microscopy and detected

the LEP coats with anti-Don1p–GFP staining (Knop and

Strasser, 2000) and the PSM surface with antibodies to the

SNAREs Sso1p and Sso2p (Moreno-Borchart et al, 2001). In

both wild-type and Dsma2 cells, the LEP coats are always

associated with the PSMs, but in the Dsma2mutant, the PSMs

appear to be unusually broad (Figure 1D). In electron micro-

graphs, the PSM openings of Dsma2 cells are much wider than

in wild-type cells, and in large parts the PSMs grow straight

(Figure 1E and F). The PSMs are only bended in the regions

around the SPBs. In cells at later time points of sporulation,

we sometimes observed unviable spore-like compartments

(Figure 1F) that were unusually small and had the different

layers of the spore wall aberrantly deposited.

Taken together, these observations indicate that Sma2p is

not necessary for PSM biogenesis or growth per se, but it is

required for PSM bending.

Sma2p-dependent PSM bending opposes the function

of the LEP coat

Ssp1p is an essential component of the LEP coat. Without

Ssp1p, the PSM forefronts close prematurely, which leads to

tightly enwrapped nuclear fragments without enclosed cyto-

plasm (Figure 1G) (Moreno-Borchart et al, 2001; Maier et al,

2007). Therefore, the LEP coats might counteract a bending

force that constantly pushes the PSM towards the nuclear

envelope.

To test whether this curvature-generating force is indepen-

dent of the LEP coat and dependent on Sma2p, we combined

the Dsma2 with the Dssp1 mutation. Immunofluorescence

microscopy of the double mutant indicated that the PSMs

occupy frequently a much wider area than the tubular

structures observed in the Dssp1 mutant (Figure 1D, white

arrows). Using electron microscopy, we found that in

the double mutant, the PSMs grew straight and significant

amounts of cytoplasm, including some organelles, became

enwrapped by the membranes (Figure 1H, ii and iii). Only in

the region close to the SPB, the PSM sticks to the nuclear

envelope (Figure 1H, i). In later stages of sporulation, spore-

like bodies with deposited spore wall material were visible

(Figure 1H, iv and v), similar to what was seen for the Dsma2

(Figure 1F) but never for Dssp1 cells (Figure 1G).

Together, these findings suggest that deletion of both Dssp1

and Dsma2 leads to a mixed phenotype, with structures

reminiscent to the Dssp1 mutant for regions close to the

SPB, and otherwise with straight, non-curved PSMs.

Therefore, Sma2p seems to facilitate PSM curvature indepen-

dent of the LEP coat. Both Ssp1p and Sma2p constitute

activities that exert opposing forces on the PSM.

SMA2 interacts genetically with SPO1, SPO19 and

CWP1

We screened for genes that are able to suppress the Dsma2

sporulation phenotype when overexpressed by using haploid

selection (Tong et al, 2001). In addition to the SMA2 gene

itself, CWP1, SPO19 and an ATG26 variant (deleted for the

first 58 codons, termed DN-ATG26) suppressed the Dsma2

phenotype (Figure 2A). None of the identified genes sup-

pressed the Dssp1 mutation, demonstrating the specificity of

suppression.

CWP1 and SPO19 encode GPI-anchored proteins and

suppress the sporulation defect of the Dspo1 mutation

(Shimoi et al, 1995; Hamada et al, 1999; Tevzadze et al,

2000; Smits et al, 2006). Spo1p is homologous to a conserved

protein family of phospholipases B and A2. Therefore, we

tested the genetic relationship of CWP1, SPO19, SMA2 and

SPO1. SPO19 and CWP1 were also able to suppress the Dspo1

mutation in our assay, whereas SMA2 was not able to

suppress Dspo1, nor was SPO1 able to suppress Dsma2

(Figure 2A).

ATG26 is homologous to PpATG26, which is involved

in autophagocytosis of peroxisomes (pexophagy) in the

methylotropic yeast Pichia pastoris. It contains a C-terminally

located UDP:glucose glucosyl transferase domain (Warnecke

et al, 1999) and large N-terminal domains involved in target-

ing the protein to pexophagic structures (Oku et al, 2003).

Together, the genetic suppression analysis indicates that

SPO1 and SMA2 are epistatic to each other, and that CWP1,

SPO19 and DN-ATG26 are suppressors of both Dsma2

and Dspo1.

Figure 1 Sma2p is required for PSM bending independent of the LEP coat. (A) Schematic drawing of a cell in anaphase of meiosis II. Cytopl.,
cytoplasm; Nuc., nucleus; PSM, prospore membrane; LEP coat, LEP coat of the PSM; SPB, spindle pole body; MT, meiosis II spindles; PM,
plasma membrane. Don1p localizes to the LEP coat. (B) Live cell imaging of PSM growth in wild-type and Dsma2 cells using Don1p–GFP as a
marker for the LEP coat. Supplementary Movies S1 (wild-type) and S2 (Dsma2) are provided online. (C) Quantification of the LEP coat
perimeters in the cells shown in (B). (D) Immunofluorescence localization of the markers Don1p–GFP (LEP coat) and Sso1/2p (PSM) in
wild-type, Dsma2, Dssp1 and Dsma2 Dssp1 cells. Cells were sporulated for 6 h where a high fraction of cells undergoes meiosis II, fixed and
processed for immunofluorescence. Bar: 1 mm. (E) Electron micrographs of wild-type cells. N, nucleus; PSM, prospore membrane. (i) Overview
and (ia) magnification of one entire PSM; (ii) PSM; (iii) immature and (iv) mature spore. (F) As for (E), but for Dsma2 cells. (i) Overview and
(ia) magnification of one entire PSM; (ii) PSM; (iii–vi) spore-like bodies. (G) As for (E), but for Dssp1 cells. (i and ii) Examples of PSMs, (iia)
magnification of one PSM. (H) As for (E), but for Dssp1 Dsma2 cells. (i–iii) Examples of PSMs, (iia) magnification of the nuclear associated area
of a PSM; (iv and v) aberrant spore-like bodies. Bars: 300 nm. Strains and plasmids used in the figures are listed in Supplementary Table S1.
(E–H) Red arrows point to spindle pole bodies (SPBs). For E–H, 430 cells with PSMs were investigated per strain. The shown situations are
representative for each strain.
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Spo1p and Spo19p function in the Sma2p-dependent

PSM-bending pathway

To characterize the genes identified in the screen, we con-

structed deletion mutants, analysed their sporulation efficien-

cies (Figure 2B) and quantified the perimeters of the LEP

coats (Figure 2C, quantification in 2D). Dcwp1 and Datg26

mutants showed wild-type LEP coat sizes and sporulation

efficiencies. However, the Dspo1 mutant did not sporulate, as

reported previously (Tevzadze et al, 1996; Rabitsch et al,

2001) and the LEP coats were oversized, similar to the ones

observed in the Dsma2 mutant. Similar to the Dsma2 mutant,

also Dspo1 cells did progress normally through the meiotic

divisions (Supplementary Figure S1). The Dspo19 mutant

formed enlarged LEP coats, but the phenotype was less

pronounced (Figure 2D). The Dspo19 mutant sporulated

with a reduced sporulation efficiency of about 60% of the

wild-type level (Figure 2B). This value dropped to about 40%

when the Dspo19 mutation was combined with the Dcwp1

mutation (data not shown).

As the phenotypes of Dspo1, Dsma2 and Dspo19 were

similar, we constructed all possible double mutants and

always observed oversized LEP coats (data not shown). We

Figure 2 Characterization of high-copy suppressors of Dsma2. (A) Deletion strains with a genetic background that allows selection for haploid cells
(the products of meiosis and sporulation) (Tong et al, 2001) were transformed with high-copy (2mm) plasmids harbouring the indicated genes. Equal
amounts of liquid cultures were spotted on sporulation or control plates. Sporulated cells were replica-plated on haploid selection media and grown
for 3 days. (B) Sporulation efficiency of deletion strains in the SK1 yeast strain background. The expression data during sporulation were taken from
www.yeastgenome.org. (C) Immunofluorescence microscopy of wild-type and mutant cells (after 6h of induction of sporulation) deleted for the
indicated genes. Colour-merged pictures of typical cells in anaphase of meiosis II are shown. (D) Quantification of the LEP coat perimeters detected
with the anti-Ady3p antibody in cells from the experiment shown in (C). Measurements were performed using maximum projections of image stacks
across cells. (E) Suppression analysis by SPO19 or DN-ATG26 using single and double mutants (as indicated). (F) Suppression of Dsma2 by high-copy
SPO19 using resistance to ether vapour as an indication for the formation of spores (Rockmill et al, 1991) and SK1 yeast strains. (G) Perimeter of LEP
coats measured in Dsma2 and wild-type cells expressing SPO19 from a 2mm plasmid. Error bars indicate the s.e.m. The difference between the LEP
coat perimeters in the Dsma2 mutant with and without overexpressed SPO19 is significant (Po0.0001). Measurements were done in intact cells (as
compared to D). More experimental details are provided in Supplementary Figure S3A and the corresponding legend.
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also tested whether these mutants are suppressed by high-

copy DN-ATG26 or SPO19. Both genes were able to suppress

all double mutants including the Dsma2 Dspo1 mutant

(Figure 2E).

These data indicate that SMA2 and SPO1 function in the

same pathway required for PSM shaping. Furthermore, the

partial defect of the Dspo19 mutant in the formation of

correctly sized LEP coats correlates with a partial defect in

spore formation and suggests that Spo19p is directly involved

in PSM shaping.

Using ether resistance to test for spore formation, we

found that high copy number expression of SPO19 partially

suppressed the Dsma2 mutation also in the SK1 yeast strain

background (Figure 2F). We measured the perimeter of the

LEP coats in Dsma2 cells that were arrested in late stages of

meiosis II due to the Dama1 deletion (Oelschlaegel et al,

2005) (Supplementary data and Supplementary Figure S2).

This revealed weak but significantly decreased LEP coat peri-

meters as a function of SPO19 overexpression (Figure 2G),

consistent with the idea that the partial suppression is

associated with a partial rescue of PSM bending.

Ectopic expression of Spo1p and Sma2p in vegetative

cells interferes with cell wall function

We investigated the consequences of SMA1 and SPO1 expres-

sion in vegetative growing cells using the CUP1-1 promotor

(prCUP1). Both prCUP1-SMA2 and prCUP1-SPO1 strains often

exhibited aberrant colony morphologies (data not shown).

As this phenotype may be due to cell wall defects, we

screened for synthetic effects when these strains were

treated with conditions interfering with cell wall function

(Figure 3A). SPO1 or SMA2 overexpression rendered the cells

more sensitive to Caspofungin, which inhibits synthesis of

b-1,3-glucan, a major cell wall component (Reinoso-Martin

et al, 2003). Similarly, SPO1 overexpression led to hypersen-

sitivity against two chitin-remodelling inhibitors, Congo

Red and Calcofluor White. In contrast, expression of either

SMA2 or SPO1 increased cell viability at elevated tempera-

tures, at high osmolarity (0.5M NaCl) and in the presence

of SDS, which perturbs membranes as well as the cell

wall. We also observed that most of the phenotypes of

single mutants could be reverted by overexpression of both

genes simultaneously (Figure 3A). When we repeated most of

these experiments using GAL1-promoter expression (instead

of the CUP1 promoter) and a different genetic yeast back-

ground (S288c), we obtained similar results (data not

shown).

Sma2p–GFP localized to punctuate and static structures at

the plasma membrane when ectopically expressed in vegeta-

tive cells (Figure 3B). Moreover, the Sma2p–GFP localization

pattern significantly overlapped with that of Sur7p, a marker

of specific cortical domains at the plasma membrane, the

so-called Eisosomes (Figure 3C, Supplementary Figure S3)

(Young et al, 2002; Malinska et al, 2004; Walther et al, 2006).

A similar localization pattern was also found for Spo1p–9Myc

(data not shown).

Together, these data indicate that SMA2 and SPO1, when

expressed alone, encode activities that disturb the formation

of a fully functional cell wall. As several of these phenotypes

are reverted upon overexpression of both genes, Sma2p and

Spo1p appear to have individual functions that are neutra-

lized (with respect to growth phenotypes) upon their coex-

pression in vegetative cells. This provides further evidence

for a close functional relationship of both proteins.

Figure 3 Expression of Spo1p and Sma2p leads to cell wall defects in vegetative cells. (A) Growth phenotypes of wild-type and mutant diploid
cells. Genotypes as indicated; D, gene deletion; wt, wild-type; þ , gene under control of the CUP1 promoter (prCUP1). The CUP1 promoter was
induced with 50mM CuSO4 added to the growth media. (B) Vegetatively expressed Sma2p localizes to immobile cortical patches. Time lapse
imaging of Sma2p–GFP expressing cells (from the CUP1-1 promoter). Single planes across the middle of the cells (first and last frame of a time
series) and the projection of the time series (300 frames taken during 270 s) are shown. (C) Colocalization of Sma2p–RFP and Sur7p–GFP to
cortical patches in vegetative cells (quantification: Supplementary Figure S3B).
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PSM-localized DN-Atg26p induces ectopic PSM curvature

In contrast to SPO1, CWP1, SPO19 and SMA2, ATG26 is not

meiotically upregulated (Figure 2B) and GFP tagging revealed

that Atg26p is degraded during sporulation (Supplementary

Figure S4). To investigate whether suppression of Dsma2 by

N-terminally deleted (DN) ATG26 occurs through re-bending

of the PSM, we ectopically expressed DN-ATG26 using chro-

mosomal expression driven by the CUP1-1 promoter, using

the Dama1 deletion background to synchronize the cells.

Indeed, the LEP coat perimeters were considerably reduced

in cells expressing DN-ATG26 (Figure 4A, quantification is

shown in Figure 4B). Consistent with a function of Atg26p in

membrane bending, overexpressed GFP–DN-Atg26p localized

to PSMs in addition to a cytoplasmic distribution (Figure 4C).

Overexpression of full-length ATG26 did only marginally

decrease the size of the LEP coats. However, ATG26 expressed

from a high copy number plasmid suppressed Dsma2 weakly

using the screen for haploid survival (Figure 2A). This might

be due to the differences in strain background and the way

ATG26 was expressed (chromosomal expression using CUP1-

1 promoter versus high copy expression from a plasmid using

the endogenous promoter).

In summary, rebending of the PSM seems to be sufficient

to rescue the Dsma2 deletion. This supports the notion that

the only essential function of Sma2p (and also Spo1p) for

sporulation is the generation of PSM curvature.

Sma2p, Spo1p and Spo19p are meiosis-specific

secretory proteins

Spo19p is predicted to be N-glycosylated and GPI-anchored

similar to Cwp1p. In vegetatively growing cells, ectopically

expressed Spo19p, as well as the endogenously expressed

Cwp1p, are incorporated into the cell wall by covalent attach-

ment to the b-glucan layer (Hamada et al, 1999), indicating

that both proteins are secreted to the cell surface. Spo1p and

Sma2p contain several motifs for N-glycosylation and one

for translocation into the ER lumen. For Sma2p, three trans-

membrane domains and a large luminal domain at the

N-terminus are predicted (Figure 5A). Spo1p is homologous

to phospholipases A2 and B. The sequence is B30% identical

to Plb2p and encompasses a conserved putative lipid-binding

pocket (89SGGGYR94) and the active site (120G-x-S-x-G124;

Dessen et al, 1999). Unlike other phospholipases B, Spo1p

has an insertion of B70 aa directly C-terminal to its predicted

catalytic site (Figure 5A). We mutated the assumed nucleo-

phile (Ser122) of the catalytic site to alanine and found that this

mutant does not rescue the Dspo1 phenotype (Figure 2A).

Using tagged functional variants of Spo1p, Sma2p and

Spo19p, we found that none of the proteins was expressed in

vegetative cells growing on rich medium (Figure 5B and data

not shown). Consistent with microarray data (Chu et al, 1998;

Primig et al, 2000), Spo19p–GFP and Sma2p–3HA expression

starts at the onset of meiosis II and PSM assembly (5h after

induction of sporulation). Spo1p–ProtA was already present in

stationary phase cells grown on acetate containing media used

for synchronous sporulation. The protein levels increased

further during meiosis I and early meiosis II (starting at

B3.5h in the meiotic time courses). We noticed an additional

isoform of Spo1p–ProA in cells undergoing PSM assembly (5 to

approx. 9h), which was B25kDa smaller than the full-length

protein (Figure 5B). The appearance of this smaller variant

coincided with the expression of Sma2p–3HA and Spo19p–GFP,

but its formation was not dependent on SMA2 or SPO19 (data

not shown). Using tunicamycin treatment, we furthermore

Figure 4 PSM-directed DN-Atg26p induces PSM curvature. (A) Immunofluorescence microscopy of cells 10 h after induction of sporulation.
The CUP1 promoter (prCUP1) was used to ectopically express DN-Atg26p and was induced with 7mm CuSO4 4 h after induction of sporulation.
The small inset in the wild-type picture shows the corresponding phase-contrast image. The inset in the Dsma2 panel shows a cell 6 h after
induction of sporulation. (B) Quantification of the LEP coat perimeters in wild-type, Dsma2, Dsma2 prCUP1–DN-ATG26 and Dsma2 prCUP1–
ATG26 strains harbouring an additional Dama1 deletion. Maximum projections of cells prepared as shown in (A) were used. Error bars indicate
s.e.m. The difference between control cells and cells expressing DN-ATG26 is significant (Po0.00001). (C) Localization of GFP–DN-Atg26p to
PSMs in meiosis upon overexpression from the CUP1 promoter. Don1p–RFP (using mCherry) labelling indicates the leading edge of the PSM.
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found that Sma2p, Spo1p and Spo19p are glycosylated

(Supplementary Figure S5). This confirms that these proteins

traffic through the secretory pathway. Thereby we noticed that

for Spo1p the lower molecular weight band was not formed

anymore. This suggests that the smaller Spo1p isoform is a

result of post-translational processing of Spo1p along the secre-

tory pathway, as non-glycosylated proteins are likely to be

retained in the endoplasmic reticulum. In solubilization assays,

we confirmed that Sma2p is an integral membrane protein

(data not shown). We also performed detergent phase-release

experiments (on the basis of Triton-X114 fractionation and

phospholipase C treatment (Bordier, 1981)) and found that in

sporulating wild-type, Dsma2 and/or Dspo1 cells, Spo19p–GFP

was always GPI-anchored (data not shown).

Taken together, Sma2p, Spo1p and Spo19p are secretory

proteins specifically synthesized during meiosis and PSM

formation. Moreover, Spo19p is a GPI-anchored protein and

the presumed lipase activity of Spo1p is essential for its

function during PSM shaping.

Sma2p, Spo1p, Spo19p and Cwp1p localize to the PSM

On the basis of immunofluorescence microscopy and live cell

imaging data, Sma2p–GFP, Spo1p–9myc (Spo1p–GFP is not

functional) and Spo19p–GFP localize to the entire PSMs in a

uniform manner, similar to the syntaxins Sso1p and Sso2p

(Figures 5C–F), consistent with the localization of Sma2p

observed, when overexpressed (Nakanishi et al, 2007).

Cwp1p–GFP can be detected on the PSM and at the plasma

membrane of the cell (Supplementary Figure S6A) (Smits

et al, 2006).

Previously, it has been shown that a putative GPI-

specific phospholipase is essential for secretion of

Figure 5 Spo19p, Sma2p and Spo1p are secreted components of the PSM. (A) Protein domain architecture of Spo19p, Sma2p and Spo1p.
Abbreviations: ER-SS, signal sequence for translocation into the ER; TM, transmembrane domain; NT/CT, N-terminus/C-terminus. Asterisks
(*) indicate potential N-glycosylation sites; GPI–SS, signal sequence for GPI-anchorage. (B) Western blot of Spo19p, Sma2p and Spo1p (using
tagged constructs, as indicated) during sporulation time course experiments. Progression through sporulation was monitored using DAPI
staining and found to be comparable in all three strains (not shown). MI and MII indicate the time points when most cells are in meiosis I or
meiosis II. Position of molecular weight marker bands are as indicated. (C) Localization of Sma2p–GFP to the PSM using immunofluorescence
microscopy. Sma2p–GFP, Ady3p, tubulin and DNA are detected as indicated. Bar, 1mm. (D) Localization of Sma2p–GFP to the PSM (i–iii) and
to the interior of mature spores (iv) using living cells. Representative cells are shown. (E) Localization of Spo1p–9Myc to the PSM using
immunofluorescence microscopy. Spo1p–9Myc, Ady3p, tubulin and DNA are detected as indicated. A control cell expressing the untagged
Spo1p is shown to indicate the specificity of the detection, as the expression level of Spo1p–9Myc was very low. (F) Localization of Spo19p–
GFP to the PSM (top panel) and to the spore wall of immature spores (lower panel) using immunofluorescence microscopy.
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GPI-anchored proteins (Fujita et al, 2006) and that

GPI-proteins might be necessary for the transport of

specific membrane proteins (Okamoto et al, 2006).

Moreover, secretion of Sma2p from the endoplasmic reticu-

lum requires the Erv14p cargo receptor (Nakanishi et al,

2007). Therefore, we analysed whether Sma2p, Spo1p and

Spo19p localization to the PSMs depends on each other. This

was not the case (Supplementary Figure S6B and C and data

not shown).

Sma2p localizes asymmetrically to the

nucleus-proximal side of the PSM

In mature spores, Spo19p and Cwp1p were visible at the

spore walls (Figure 5F and Supplementary Figure S6A and B).

In contrast, Sma2p–GFP was only detectable as a punctuate

signal in the interior of the spores (Figure 5D, arrows in iv).

This may indicate that Sma2p–GFP is endocytosed, and thus,

Sma2p—or at least a fraction of it—localizes specifically to

the nucleus-proximal membrane of the PSM. Using immuno-

electron microscopy of cells with open PSMs, we detected

Sma2p–GFP only at the nucleus-proximal membrane of

the PSM (Figure 6A, additional pictures are shown in

Supplementary Figure S6). The observed distances of the

gold grains to the two membranes of the PSMs indicated

furthermore that the C-terminus of Sma2p (to which GFP is

fused) is protruding into the cytoplasm (Figure 6B).

Rapid movement of GPI-anchored Spo19p within the

PSM

When sporulating cells are treated with an inhibitor of

GPI-anchor synthesis (Sutterlin et al, 1997), oversized LEP

coats similar to the Dsma2 or Dspo1mutants are formed (data

not shown). To investigate the function of GPI-anchoring

specifically for Spo19p and Cwp1p, we removed their puta-

tive GPI attachment sites and found that the corresponding

mutants were no longer able to suppress the Dsma2 or Dspo1

phenotypes (Figure 7A). Interestingly, DGPI–Cwp1p–GFP still

localized to the PSM (Figure 7B). This result suggests that the

function of Cwp1p on the PSM and not the transport to the

PSM requires GPI-anchoring.

The GPI-anchors of many proteins are cleaved at the

plasma membrane of vegetative cells, and the proteins are

attached to the b-glucan layer of the cell wall through their

GPI remnant (Frieman and Cormack, 2004). Are Cwp1p and

Spo19p also transferred to a (unknown) matrix present in the

PSMs? We investigated this possibility in a photobleaching

experiment of a Dspo19 strain complemented with a SPO19–

GFP-containing plasmid. Repeated bleaching of a small region

of the PSM led to rapid depletion of the entire GFP fluorescence

from this particular PSM (Figure 7C, quantification in D),

indicating rapid diffusion of Spo19p–GFP within the PSM.

This result suggests that Spo19p is not covalently linked to

any fixed matrix inside growing PSMs. Therefore, bending of

the PSM is not achieved through a stable scaffold containing

Spo19p. This is consistent with the notion that the different

layers of the spore wall (harbouring also GPI-derived proteins)

are synthesized not until the PSM closes during cytokinesis

(Neiman, 2005). Moreover, SPS2, another meiotically upregu-

lated GPI-anchored protein, which we found to suppress the

Dsma2 and Dspo1 phenotypes (data not shown, Figure 2B and

C), seems not to be attached to the cell wall when ectopically

expressed in mitosis (Hamada et al, 1999).

Together, these data indicate that the suppressors of Dsma2

require GPI-anchoring for their function and suggest that GPI-

anchored proteins are not incorporated into a cell wall matrix

during PSM assembly.

Discussion

Spo1p, Sma2p and GPI-proteins comprise a luminal

pathway necessary for PSM bending and regulated

cytokinesis

Here, we report on the molecular players necessary for proper

shaping of the PSMs and for cytokinesis during yeast meiosis

and sporulation.

Genetic screening identified Spo1p, Sma2p and Spo19p as

components of a novel and essential pathway underlying

PSM bending. Several lines of evidence suggest that the only

essential function of the SpoMBe pathway during meiosis and

sporulation is to generate PSM curvature. SpoMBe mutants

are unaffected in meiotic progression and the essential defect

Figure 6 Sma2p localizes to the nucleus-proximal side of the PSM. (A) Immuno-electron microscopy of fixed yeast cells in meiosis II
expressing Sma2p–GFP at endogenous levels. GFP was detected using specific antibodies and gold-labelled secondary antibodies. For more
pictures, see Supplementary Figure S7. (B) Quantification of the position of gold for 35 cells. The distribution of the measured distances of the
gold particles and the different membrane leaflets to leaflet 1 of the PSM is shown. The staining procedure does not directly visualize lipids, but
rather proteins that are within the membrane and protrude to either side. Therefore, the innermost visible layer corresponds to the nucleus-
proximal cytoplasmic side of the PSM. Usually, one or two gold grains were detected per PSM in the Sma2p–GFP strain, whereas no staining of
PSMs was visible in control cells without GFP.
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can be rescued by ectopically induced PSM curvature due to

overexpression of a truncated and mislocalized variant of

ATG26, a gene normally involved in an autophagy-related

process. Furthermore, the growth of the PSM per se is

occurring normally in SpoMBe mutants. This suggests that

the SpoMBe pathway functions specifically to generate PSM

curvature.

The SpoMBe pathway is constituted of a luminal (Spo1p),

a membrane protein with a luminal globular domain and a

short cytoplasmic tail (Sma2p) and one major GPI-anchored

protein (Spo19p). This argues that a luminal process of the

PSM underlies membrane bending. Consistent with the no-

tion that the curvature-generating force must be exerted in an

asymmetric manner to achieve bending towards the side of

the nucleus, Sma2p localizes exclusively to the nucleus-

proximal membrane bilayer.

Epistasis experiments suggested that the membrane-bend-

ing force is exerted all along the PSM and that the LEP coat at

the PSM forefront exerts an effect to counteract this force

during PSM assembly. This ensures the incorporation of

cytoplasmic content into the spore lumen and hinders the

PSM from premature closure (Figure 8).

During cytokinesis, the LEP coat is disassembled in a

regulated manner, and subsequently the PSMs close effi-

ciently. This process is independent of an active contractile

function at the PSM forefront, such as an acto-myosin ring

(Moreno-Borchart et al, 2001; Taxis et al, 2006; Maier et al,

2007). Instead, the SpoMBe pathway seems to provide the

necessary force that enables membrane closure (Figure 8C).

The direction of PSM curvature corresponds with

asymmetrically distributed membrane proteins

Bending of the PSM and other organelles is intrinsically

asymmetric and hence must depend on ways to apply forces

onto the membrane in an asymmetrical manner, for example,

through an asymmetric localization of the curvature-generat-

ing machinery. Indeed, Sma2p resides specifically to the

nucleus-proximal bilayer of the PSM. Moreover, GPI-proteins

cluster to the inner (nucleus-proximal) side of the spore wall,

where they constitute the mannan layer of the spore wall

(Neiman, 2005). Therefore, we hypothesize that during PSM

growth, GPI-proteins also localize solely to the nucleus-

proximal membrane. However, validation of this assumption

is difficult due to the close proximity of the two membrane

bilayers of the PSM (B40 nm), which prevents the precise

localization of luminal proteins to one of the membranes by

means of immuno-EM.

How is initial asymmetry of the PSM obtained and later

maintained? Right after initiation of PSM assembly only the

spindle pole body is known to touch the PSM on the nucleus-

proximal side, and we hypothesize that this could be the

origin of PSM asymmetry (Figure 8A).

During extension of PSMs, an unknown sorting mechan-

ism seems to preserve asymmetry. Spo20p, a PSM-specific

SNARE (Neiman, 1998) could function in this process, as in

the Dspo20 mutant, PSM growth is reduced and LEP coats

appear oversized, which points to defects in PSM curvature

(Knop and Strasser, 2000; Neiman et al, 2000). Also, secre-

tory vesicles accumulate near PSMs and this could indicate

Figure 7 Rapid diffusion of Spo19p within the PSM. (A) The GPI-anchorage consensus sequence is required for Spo19p and Cwp1p to
suppress the Dspo1 and Dsma2 mutants in sporulation. The assay was performed as described in Figure 2 using high copy number plasmids
expressing the indicated alleles of SPO19 and CWP1. DGPI: deletion of the GPI-anchorage consensus site, wt: wild-type. (B) The GPI-anchorage
signal sequences of Cwp1p is not required for secretion of the protein to the spore wall. Live cell imaging of cells expressing DGPI–CWP1–GFP.
Pictures of a representative cell were taken 10 h after induction of sporulation. (C) Diffusion of Spo19p within the PSM. For photobleaching,
Spo19p–GFP was expressed from a low copy plasmid in a Dama1 Dspo19 strain (Supplementary data). Time frames from one representative
experiment (n¼ 22) with a cell in meiosis II are shown. (D) For quantification, the average brightness of the bleached (area 1) and one
unbleached PSM (area 2) are shown. Repeated bleaching (time points indicated by red arrows) was conducted in a small area of one PSM, as
indicated in (C). Stacks of five sections (spacing 0.83mm) were recorded at 10 s intervals and maximum projections are shown.
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asymmetry on the level of vesicle fusion with the PSM or a

failure to deliver specific classes of exocytic vesicles contain-

ing cargo necessary for bending (SpoMBe components).

Spo1p and Sma2p seem to exert an effect on

GPI-anchored proteins

In general, high-copy suppressors of null alleles can function

through a parallel or unrelated pathway or downstream of the

deleted gene in the same pathway. As deletion of SMA2, SPO1

and their suppressor SPO19 leads to almost identical pheno-

types, SPO19 seems to work in the same pathway, most likely

downstream of SMA2 and SPO1. This conclusion is further

supported by the cell wall-related phenotypes observed during

ectopic SMA2 or SPO1 expression in mitotic cells. In vegetative

cells, these phenotypes could in principle be obtained by

disturbance of many of the structures that compose the cell

wall (mostly GPI-derived mannoproteins, glucan and chitin

networks). However, the cell wall has only GPI-proteins in

common with the PSM (Neiman, 2005). Assuming that the

activities of Sma2p and Spo1p in mitosis and meiosis are

identical could point to a mechanism where Sma2p and Spo1p

exert an effect (directly or indirectly) on GPI-anchored proteins.

In vegetative cells, the associated phenotypes of ectopic

expression of the single genes (SPO1 or SMA2) is reverted by

their simultaneous coexpression under most of the tested con-

ditions. Moreover, high-copy SPO1 does not suppress the Dsma2

mutation in meiosis and vice versa. Owing to this, Sma2p and

Spo1p seem to function in close conjunction with each other,

having either complementing or antagonizing activities.

What is the molecular function of Spo1p? The protein is

homologous to the family of phospholipases A2 and B, which

can hydrolyse or transacylate fatty acids from phospholipids

and/or lysophospholipids (Fyrst et al, 1999; Merkel et al,

1999). A mutation in the putative active site inactivates

Spo1p. However, no significant differences in the lipid pat-

terns of PSM-enriched membrane fractions isolated from wt

and Dsma2 and/or Dspo1 mutants were detected by lipid mass

spectrometry (our unpublished data). With regard to our re-

sults, it is therefore tempting to speculate that Spo1p and maybe

also Sma2p modify GPI-anchors. This requires an altered sub-

strate specificity of Spo1p (in comparison with its homologues),

which could be provided by the B70aa long insertion near the

active site of Spo1p. It might be that they provide a mechanism

to sort the GPI-anchored proteins such that their localization is

also restricted to the nuclear-proximal membrane of the PSM.

As a speculation, one could imagine a sorting mechanism

where Spo1p excises GPI-anchored proteins from the peripheral

membrane, whereas Sma2p causes their subsequent reinsertion

into the nucleus-proximal membrane.

Previously, it was shown that a phospholipase A2 and an

antagonizing enzyme exchange the fatty acids of GPI-an-

chored proteins. Moreover, the correct fatty acid content is

essential for proper transport of GPI-proteins to their final

destination and for segregation into specific membrane do-

mains (Bosson et al, 2006; Fujita et al, 2006).

For Spo1p, a function of regulation of meiotic progression

was suggested previously, and it was speculated that this was

due to a function of lipid signalling. In our yeast strain

background, we find no evidence for a function of Spo1p to

promote meiotic progression (Supplementary Figure S1,

Supplementary data).

A model of GPI-protein-dependent PSM shaping

Sma2p and Spo1p are present only at low—sometimes hardly

detectable—amounts on the PSM. This makes it very unlikely

that these proteins directly generate the physical force for

PSM bending, for example, as a scaffold. They rather seem to

function in an indirect way through Spo19p and other GPI-

anchored proteins.

In meiosis II, almost 30 genes encoding GPI-anchored

proteins are highly expressed (Chu et al, 1998; Primig et al,

2000). Most of these proteins are transported to the PSM, and

upon cytokinesis, they are incorporated into the bulky man-

nan layer of the spore wall. Thereby, it seems that the GPI-

anchors are cleaved and the proteins coupled to the glycan

layer, which is assembled only after closure of the PSM

(Tachikawa et al, 2001). Consistent with this, we found that

Cwp1p and Spo19p are present in the detergent phase in

Triton X-114 solubilization experiments in anaphase II cells

(data not shown), indicating that they are GPI-anchored

during PSM assembly. For Cwp1p and Spo19p, we further

demonstrated that their suppressing activities depend on their

Figure 8 Model outlining the forces that possibly contribute to shaping and closure of the prospore membrane. (A) Upon initiation of the PSM
at the SPBs by fusion of secretory vesicles, the LEP coat assembles at the forefront of the membrane. At this stage, delivery of vesicles can occur
only at the SPB distal membrane, which might generate a membrane flux that directs the forefront of the membrane towards the side of the
SPB/nuclear envelope (NE) (blue arrows). (B) Rapid movements of GPI-anchored proteins along the inner membrane (small red arrows) may
generate repulsive forces that sums up to a force sufficient to drive long-range membrane bending of the PSM (red arrow). This force is
selectively counteracted at the forefront of the membrane by the LEP coat (green arrows), which ensures a sufficient wide opening of the
membrane necessary for cytoplasm and organelle inheritance. (C) During cytokinesis, selective closure of the PSM is achieved through the
regulated removal of the LEP coat, in particular Ssp1p, from the forefront of the membrane.
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GPI-anchors. Therefore, GPI-anchoring on the PSM and not

another (unknown, maybe enzymatic) feature of the proteins

seems to enable suppression during PSM bending.

Assuming that GPI-proteins are asymmetrically targeted to

the nucleus-proximal bilayer, their free diffusion within the

membrane could induce PSM bending due to steric repulsion

of their large and highly glycosylated protein heads attached

to a comparatively small GPI-lipid (Figure 8B). This dynamic

force would be needed during PSM assembly; consistent with

this fact, we found that delayed expression of Sma2p after

PSM formation fails to induce PSM bending (data not

shown). Moreover, a dynamic bending mechanism would

permit flexibility of the membrane. In fact, the PSM is often

deformed in areas where it has to pave its way around an

obstacle such as a mitochondrion that is imported in the

developing lumen of the spore (Figure 1E).

Together, our results outline a new pathway how GPI-

anchored proteins could shape organelles. These findings are

of general interest, as the process of PSM shaping is cytologically

conserved (e.g., in fungi) and also because the structure and

function of the mammalian Golgi apparatus, for example, is

dependent on GPI-anchored proteins (Li et al, 2007).

Materials and methods

Yeast strains and growth conditions
Yeast strains used in the experiments shown in Figures 1–7 are
listed in Supplementary Table S1 and the genotypes are listed
in Supplementary Table S2. Yeast chromosomal manipulations
were done as described (Knop et al, 1999; Janke et al, 2004).
Synchronous sporulation was performed as described previously
(Alani et al, 1987). Sporulation medium contained 0.3% potassium
acetate. Induction of protein expression from genes under control of
the CUP1 promoter (prCUP1) was done by addition of CuSO4 to the
liquid sporulation medium (7 mM) at the indicated time points. The
final concentration of tunicamycin was 50 mg/ml. Growth pheno-
types of vegetative strains overexpressing SMA2 and/or SPO1 under
prCUP1 control were assessed by spotting 5ml of serial dilutions on
YPD plates containing 100 mM CuSO4 and 0.05% SDS, 2.5% K-
acetate, 3% glycerol, 0.5M NaCl, 0.5 mg/ml Caspofungin (‘Canci-
das’, Merck & Co. Inc.), 50 mg/ml Calcofluor, 30mg/ml Hygromycin
or 150 mg/ml mM Congo Red. Sporulation efficiency and analysis of
meiotic progression using DAPI staining was measured as described
previously (Maier et al, 2007).

Genetic screen
Yeast strain YPM124 was transformed with a YEplac181-based
library of yeast chromosomal fragments and grown on SC-Leu
plates (B200 clones/plate, total of 37000 clones). Cells were
sporulated on plates and haploid cells were selected as described
(Tong et al, 2001). For subcloning of SMA2, SPS2, SPO19, SPO1 and
CWP1 genes, plasmid pRS426 was used and the subcloned genes
were retested using strains YPM124, YNR80 and YNR82. prCUP1

constructs of ATG26 were made through insertion of a prCUP1

containing cassette through PCR targeting (Janke et al, 2004).

Plasmid construction
Plasmids are listed in Supplementary Table S3. The bacterial strains
used were DH5a and SURE. The SPO1, SMA2, CWP1 and SPS2
genes (ORF and B350 bp upstream and downstream of the gene)
were cloned using the ‘gap repair’ technique in ESM356-1. SPO19
and ATG26 were cloned using chromosomal DNA of strain ESM356-
1 with primers designed to amplify B350bp of flanking sequences.
The plasmids containing prCUP1–DNT-ATG26 or prCUP1–ATG26 were
obtained in a similar way with the exception that chromosomal
DNA of strains YPM183 or YPM208 was PCR-amplified and cloned.
The SPO19–GFP construct was obtained by inserting a NotI site
downstream of codon 26 using the quickchange method. Then,
yeGFP (Knop et al, 1999) was cloned into the NotI site. Construction
of mutant GPI-proteins: for mutants with impaired GPI-anchoring
signal sequences (Dgpi–SS), stop codons were introduced down-
stream of codon 217 (Cwp1p) or 196 (Spo19p).

Microscopic methods
For live cell imaging, a Leica DM RXA microscope, a Photometrics
CoolSnap CF digital camera, fluorescent filter sets (Chroma) and
Metamorph software were used. For image acquisition, sections
throughout the cells (spacing of 0.4mm) were collected using a
z-axis focus drive and a � 100 Plan-Apo objective (aperture of 1.4;
Leica). If not stated otherwise, maximum projections of the image
stacks are shown. Movies of Don1p–GFP were obtained on an inverse
PerkinElmer Ultraview LCI spinning disc confocal microscope,
equipped with argon/krypton lasers (488nm). Stacks of images were
recorded every 90 s and maximum projections were obtained.
Immunofluorescence microscopic procedures and antibodies were
described before (Knop and Strasser, 2000; Riedel et al, 2005). LEP
coat perimeters were measured using maximum projections of image
stacks as mentioned above with the help of the ‘trace region’
command of Metamorph. The statistics on LEP coat measurements are
shown in the Supplementary Table S3. Comparisons were based on
P-values obtained using the Mann–Whitney U-test (http://elegans.
swmed.edu/~leon/stats/utest.html).

KMnO4 fixation electron microscopy was done as described
(Neiman, 1998; Moreno-Borchart et al, 2001). Images were obtained
on a Philips BioTwin CM120 electron microscope (100 kV accelerat-
ing voltage, TEM mode) equipped with a Keen View CCD camera
(Soft Imaging System, Münster, Germany). Immuno-EM was
performed as described (Muller-Reichert et al, 2003) (Supplemen-
tary data). Fluorescence loss in photobleaching was done on a wide
field microscope using a laser scanner for photobleaching as
described before (Taxis et al, 2005).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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