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SPS1 encodes a sporulation-specific protein with homology to the Ste20/p21-activated kinase family. Deletion
of SPS1 impinges on the formation of the spore wall, which surrounds each of the haploid nuclei generated by
the meiotic divisions. Here, we demonstrate that the new internal membranes that surround the meiotic nuclei
appear normal in the absence of Sps1p. Analyses of spore wall layers by immunohistochemistry suggest that
the inner layers are not efficiently deposited. The defect in spore wall morphogenesis is most likely a conse-
quence of mislocalization of enzymes required for the synthesis of the spore wall layers as both Chs3p, the
major chitin synthase in yeast, and Gsc2/Fks2p, a glucan synthase transcriptionally upregulated during sporu-
lation, fail to reach the prospore membrane in the sps1 mutant. Furthermore, localization of Chs3p to the
prospore membrane is not dependent on Shc1p, a sporulation-specific homolog of Chs4p, which is required for
recruitment of Chs3p to the bud neck in vegetative cells. Sps1p colocalized with Chs3p to peripheral and
internal punctate structures and prospore membranes. We propose that Sps1p promotes sporulation, in part,
by regulating the intracellular movement of proteins required for spore wall formation.

Gametogenesis is an essential process allowing eukaryotic
organisms to reproduce sexually. It requires coordination of
many diverse, yet interrelated molecular events: genetic ex-
change, haploidization, and cellular differentiation. The reduc-
tion in ploidy occurs through meiosis, in which haploid cells are
derived from a diploid progenitor via one round of DNA
replication followed by two successive rounds of chromosome
segregation. The meiotic cell cycle is coupled to a program of
cellular differentiation, which ultimately packages the haploid
nuclei into gametes. In the yeast Saccharomyces cerevisiae, mei-
osis is coupled to the process of spore formation, resulting in
four haploid nuclei each encapsulated in a membrane (the
prospore membrane) and spore wall. The sporulation program
commences when diploid MATa/MAT� cells are starved for
nitrogen in the presence of a nonfermentable carbon source
(reviewed in reference 13). These nutritional signals ultimately
lead to transcriptional induction of a large number of genes,
which are classified according to their temporal expression
pattern (5, 22). Early genes are involved in chromosome align-
ment and recombination, while middle genes regulate chromo-
some segregation and prospore membrane formation. Mid-late
and late genes are responsible for synthesis and deposition of
spore wall components.

Prospore membrane formation initiates at the spindle pole
body (SPB), the equivalent of the mammalian centrosome,
originating from an outer meiotic plaque comprised of the
meiosis-specific proteins Mpc70p/Spo21p, Mpc54p, Spo74p,
and Ady4p (1, 11, 18). A complex of proteins, including Don1p,

is located at the leading edge of the growing prospore mem-
brane (11). The SPB appears to be a hub for the fusion of
secretory vesicles originating from the Golgi apparatus to form
the prospore membrane (17). As the prospore membrane en-
gulfs haploid nuclei, it pinches off, resulting in a double mem-
brane. The late-acting SEC genes, essential for post-Golgi traf-
ficking, play a critical role in growth of the prospore membrane
(17), as do Spo14p, a phospholipase D (26), and a meiosis-
specific Sec9p/SNAP-25 homolog, Spo20p (17). The septin
complex is also located at the leading edge of the prospore
membrane (6) and is believed to facilitate the deposition of
spore wall components, which are deposited within the lumen
of the double membrane in a specific temporal order (33).
Deposition of spore wall components may also originate at the
SPB, as certain temperature-sensitive alleles of MPS1, re-
quired for duplication and assembly of SPB components in
both mitosis and meiosis (3), display a phenotype similar to
that of mutants defective in spore wall formation (32).

The spore wall contains four distinct layers: the first layer
closest to the membrane consists of mannans and mannopro-
teins (33). The second layer is comprised of �-1,3-glucan. Both
glucan and mannan are components of the vegetative cell wall.
There are two glucan synthase genes in yeast; one, GSC2/FKS2
(hereafter referred to as GSC2), has been demonstrated to
play a role in sporulation (16). The third layer contains chi-
tosan, a meiosis-specific derivative of chitin. The CHS3 gene
product is responsible for the majority of chitin synthesis and is
required for formation of the chitosan spore layer (20, 37).
Chitin is deacetylated by the sporulation-specific CDA1 and
CDA2 gene products to form chitosan (4). The fourth layer of
the spore wall contains dityrosine, which is visualized by elec-
tron microscopy (EM) as a darkly staining layer and which
fluoresces under short-wave UV light. Dityrosine is synthe-
sized from two tyrosine molecules by reactions involving the
DIT1 and DIT2 gene products (2) and is translocated through
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the prospore membrane by a membrane-associated trans-
porter, DTR1 (7). The third and fourth layers of the spore wall
confer resistance to environmental stress. Once plated on rich
medium, the spore germinates, sheds the spore wall, and re-
enters the mitotic cell cycle.

SPS1 is a sporulation-specific gene expressed during the
meiotic divisions, classifying it as a middle sporulation gene
(8). sps1 mutants have no vegetative phenotype but fail to form
birefringent spores. sps1 cells induced in sporulation lack the
chitosan and dityrosine layers of the spore wall as detected by
EM, sensitizing the cells to environmental perturbations (8).
Deletion of SPS1 also results in an altered transcriptional pro-
file of mid-late and late genes (8). The SPS1 gene is predicted
to encode a serine/threonine protein kinase with a molecular
mass of approximately 55 kDa. Sps1p shares 42% identity in its
kinase domain to Ste20p, a member of the p21-activated kinase
family involved in the yeast pheromone response.

In this study, we demonstrate that prospore membrane for-
mation appears unaltered in the absence of Sps1p; however,
the inner layers of the spore wall are inefficiently deposited
within the lumen of the double membrane. Chs3p and Gsc2p,
key enzymes responsible for the synthesis of spore wall layers,
fail to reach the prospore membrane in sps1 mutants. Further-
more, Sps1p colocalizes with Chs3p during sporulation, sug-
gesting that Sps1p regulates the intracellular location of these
enzymes for spore wall synthesis.

MATERIALS AND METHODS

Yeast genetic manipulations. Routine growth and manipulation of S. cerevisiae
strains were performed as described previously (24). Yeast strains used in this
study are listed in Table 1.

The lithium acetate procedure was used for DNA-mediated transformation of
yeast cells (9). Gene replacements and disruptions (see below) were performed

by the one-step method (25). dtr1::kanMX and shc1::kanMX, which replace the
entire open reading frame with the marker kanMX4 (39), were made by PCR
amplification of regions �300 bp upstream and downstream of the disrupted
open reading frames from previously constructed knockout strains purchased
from Research Genetics. Green fluorescent protein (GFP) and dsRed chromo-
somal fusions were constructed by using Longtine et al. (14) and Sheff and Thorn
(31) reagents, respectively. All integrants were confirmed by PCR and the ap-
propriate synthetic oligonucleotide primers.

Plasmids. GFP-SPO14 was expressed from a high-copy-number (2�m) LEU2
plasmid (pME1096) and has been previously described (26). pKR466 (spo14::
URA3, which removes 4,014 bp of the 5,052-bp open reading frame) was used to
generate the spo14 chromosomal deletion/disruption and has been described
previously (23). GFP-SPR28 was expressed from a low-copy-number (CEN)
URA3 plasmid (pSB19) (38). p18-2 (sps1::URA3, which inserts URA3 at the 3�
end of SPS1) (21) and YIp�ST (sps1::TRP1, which inserts TRP1 at the 5� end of
SPS1) (8) were obtained from J. Segall (University of Toronto).

To construct the GFP-SPS1 fusion, the SPS1 promoter (500 bp upstream of
the ATG) was amplified with a 5� oligonucleotide primer containing a BglII site
and a 3� oligonucleotide primer containing a PacI site. The resulting PCR
product was digested with BglII and PacI and inserted in place of the GAL1
promoter in the corresponding sites in pFA6a-kanMX6-PGAL1-GFP (14) to
generate pME2330. This product was used as a template to amplify the fusion
fragment for substitution at the SPS1 locus.

Analysis of GFP fusion proteins. Strains expressing GFP-SPO14 (26), DON1-
GFP (11), SPR28-GFP (38), DTR1-GFP, SHC1-GFP, CHS3-GFP, GSC2-GFP,
GFP-SPS1, and CHS3-dsRED (Table 1) were grown and sporulated as described
previously (27). At various times after induction of sporulation, living cells were
examined by FITC (fluorescein isothiocyanate) or rhodamine optics on a Zeiss
Axioskop 2 fluorescence microscope. To monitor progression in sporulation and
ensure cells were at the appropriate stage, parallel cultures were fixed and
stained with 4,6-diamidinophenylindole (DAPI).

Immunofluorescence of spore wall layers. Our protocol is from the work of
Tachikawa et al. (33). Cells were transferred to sporulation medium, and aliquots
were removed at 5, 7, 9, and 11 h postinduction and fixed in 0.1 M K2HPO4–
KH2PO4 and 3.7% formaldehyde. Cell pellets were resuspended in SHA buffer
(1 M sorbitol, 0.1 M HEPES [pH 7.5], 5 mM NaN3) and spheroplasted with 27
�g of zymolyase 100T/ml in the presence of 10 mM dithiothreitol for 45 min at
30°C. Spheroplasts were permeabilized in SHA buffer plus 0.1% Triton X-100.
Permeabilized cells were adhered to poly-L-lysine-coated slides and fixed in

TABLE 1. Yeast strainsa

Strain Genotype Source or reference

Y3690 MATa HIS4 leu2-k ho::LYS2 ura3-1 trp1::hisG lys2
MAT� his4 leu2::hisG ho::LYS2 ura3-1 trp1::hisG lys2

This study

Y592 Y3690 but homozygous sps1::TRP1 This study
Y3710 Y592 � 2�m GFP-SPO14 LEU2 (pME1096) This study
Y4998 Y3690 � 2�m GFP-SPO14 LEU2 (pME1096) This study
Y4145 Y3690 � CEN4 SPR28-GFP URA3 (pSB19) This study
Y4146 Y592 � CEN4 SPR28-GFP URA3 (pSB19) This study
YKS53-1 MATa LEU2 ho::hisG ura3 lys2 DON1-eGFP-kanMX

MAT� leu2::hisG ho::hisG ura3 lys2 DON1-eGFP-kanMX
11

Y3947 YKS53-1 but homozygous sps1::URA3 This study
Y3059 YKS53-1 but homozygous spo14::URA3 This study
AN120 MATa leu2 ARG4 RME1 ho�::LYS2 ura3 trp1::hisG lys2

MAT� leu2 arg4-NspI rme1�::LEU2 ho�::LYS2 ura3 trp1::hisG lys2
17

Y4535 AN120 but homozygous CHS3-GFP This study
Y4537 AN120 but homozygous GSC2-GFP This study
Y4584 Y4537 but homozygous sps1::TRP1 This study
Y4620 Y4535 but homozygous sps1::TRP1 This study
Y4745 AN120 but homozygous DTR1-GFP This study
Y4741 Y4745 but homozygous sps1::TRP1 This study
Y4748 AN120 but homozygous dtr1::kanMX This study
Y4749 Y4748 but homozygous sps1::TRP1 This study
Y4743 AN120 but homozygous SHC1-GFP This study
Y4746 Y4743 but homozygous sps1::TRP1 This study
Y4716 Y4535 but homozygous shc1::kanMX This study
Y5050 AN120 but homozygous GFP-SPS1 This study
Y5088 AN120 but heterozygous GFP-SPS1 and CHS3-dsRed This study

a All strains are of SK1 background.

VOL. 4, 2005 Sps1p ROLE IN SPORULATION 537

 on A
ugust 10, 2015 by guest

http://ec.asm
.org/

D
ow

nloaded from
 

http://ec.asm.org/


ice-cold methanol for 6 min and in acetone for 0.5 min. Slides were blocked for
10 min in WT buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 1% nonfat milk,
0.1% Tween 20, 0.5 mg of bovine serum albumin/ml, 5 mM NaN3) and rinsed
twice in WT buffer. Mouse monoclonal anti-�-1,3-glucan antibodies (1:3,000)
(Aaron Neiman, State University of New York [SUNY], Stony Brook) were
incubated with the cells for 2 h under humid conditions. Cells were washed 12
times in WT buffer and incubated with goat anti-mouse rhodamine-conjugated
secondary antibodies (Molecular Probes, Eugene, Oreg.) at a 1:200 dilution and
FITC-concanavalin A (FITC-ConA; 0.5 mg/ml) (Neta Dean, SUNY, Stony
Brook) for 2 h in the dark. Following extensive washes with WT buffer, slides
were mounted with ProLong antifade reagent (Molecular Probes) containing
DAPI to monitor meiotic progression. Signals were detected with a Zeiss Ax-
ioskop microscope.

Calcofluor white staining was performed by resuspending fixed cells in SHA
buffer plus 0.1% Triton X-100 containing 0.1 mg of calcofluor white/ml. The cells
were washed twice in SHA buffer, harvested, and adhered to poly-L-lysine-coated
slides. Slides were mounted with ProLong antifade reagent without DAPI. Flu-
orescence was visualized as described above under the DAPI channel.

Dityrosine assays. For dityrosine assays, cells were incubated in sporulation
medium for 24 h and collected by centrifugation. Cell pellets were resuspended
in 1 ml of sterile H2O and then broken by vortexing with glass beads on ice. The
whole-cell extracts were deproteinated with chloroform-methanol (1:1, vol/vol)
by vortexing. The upper phase was collected by centrifugation at 1,600 � g for 5
min, and NH4OH was added to 10% (vol/vol). Samples were analyzed in a Spex
Industries (Edison, N.J.) 212 Fluorolog spectrofluorometer operating in the ratio
mode, and dityrosine was detected by an excitation scan from 270 to 370 nm with
emission at 420 nm.

FM4-64 staining and latrunculin A (latA) treatment. Sporulating cultures of
the wild type and sps1 mutants where �50% of the cells had reached the meiotic
divisions were incubated on ice with 1 �g of FM4-64 (Molecular Probes)/ml for
10 min. The cells were washed and resuspended in sporulation medium and
examined by fluorescence microscopy at the indicated times.

Twenty micrograms of latA (Calbiochem, San Diego, Calif.) per milliliter was
added for 15 min, and then the cells were washed and examined by fluorescence
microscopy. Endocytosis was assessed in latA-treated cells by staining with
FM4-64 (data not shown).

RESULTS

Prospore membrane formation and septin organization ap-
pear normal in sps1 mutants. It was previously shown that sps1
mutants form aberrant spore structures (8). To more precisely
determine the sporulation defect of sps1 mutants, we examined
several cytological markers of spore morphogenesis. An early
event in spore formation is the synthesis of the prospore mem-
brane, which encapsulates the haploid nuclei that arise from
the meiotic divisions and provides the scaffold for subsequent
spore wall deposition. To determine whether sps1 mutants
synthesize prospore membranes, we examined the localization
of GFP-Spo14p, a phospholipase D, which is essential for and
marks the prospore membrane (26) in live cells induced in
sporulation. GFP fluorescence appeared normal in the sps1
mutant: GFP-Spo14p localized to the SPBs during the meiotic
divisions and then moved with the growing prospore mem-
brane, indicative of two bilobed structures corresponding to
prospore membranes capturing haploid nuclei. Eventually,
GFP-Spo14p fluorescence was visualized around each spore as
observed in the wild type (Fig. 1A).

We also examined the localization of Don1p-GFP, which
marks vesicular structures at the time of the meiotic divisions
and then localizes to the leading edge of the growing prospore
membrane, forming a range of doughnut- and bar-shaped
structures (11). During a time course in sporulation, Don1p-
GFP localization in the sps1 mutant was similar to that of the
wild type (Fig. 1B). This is in contrast to Don1p-GFP localiza-
tion in mutants that fail to synthesize prospore membranes,

such as spo14. In this case, Don1p-GFP fluorescence accumu-
lates in punctate dots within the cell (Fig. 1B). Thus, Sps1p
does not appear to be required for prospore membrane for-
mation and most likely regulates a later step in spore forma-
tion.

After prospore membrane closure, spore wall components
are deposited in the lumen between the double membranes
(15). Septins are organized at the leading edge of the prospore
membrane and are believed to facilitate spore wall deposition
(6). Septin localization is altered in mutants where prospore
membrane closure is not sensed or has failed (33). To deter-
mine whether sps1 mutations affect septin organization, Spr28p-
GFP, a sporulation-specific septin (38), was examined in cells
induced in sporulation. Septins form parallel bar structures
and then eventually surround the prospores. Analogous local-
ization patterns were observed in both wild-type and sps1 cells
(Fig. 1C), suggesting that septins organize properly in the ab-
sence of Sps1p. Thus, prospore membrane closure and septin
organization occur in the absence of Sps1p.

sps1 mutants do not lay down spore wall components. Initial
observations by EM revealed that sps1 mutant spores do not
contain the third and fourth layers of the spore wall (8). The
first two layers, mannan and glucan, appear electron lucent and
thus are not easily resolved by EM. To determine whether sps1
mutants contained the inner layers of the spore wall, we used
an immunofluorescence approach developed by Tachikawa
and coworkers (33).

The first layer of the spore wall is comprised of mannans;
additionally, mannoproteins are incorporated into the pro-
spore membrane (10). Thus, detection with the mannan-bind-
ing lectin ConA conjugated to FITC (FITC-ConA) will label
both the prospore membrane and the mannan layer (33). Sim-
ilar to the wild type and as expected from the analysis of the
prospore membrane, sps1 mutants displayed distinct FITC-
ConA-positive circles (Fig. 2). However, as this analysis does
not distinguish between the prospore membrane and the man-
nan layer of the spore wall, it is unclear whether sps1 mutants
lay down the first layer of the spore wall.

The glucan layer was detected by using a monoclonal anti-
body against �-1,3-glucan and visualized with rhodamine-con-
jugated secondary antibodies. Compared to wild-type cells,
which displayed anti-�-1,3-glucan staining around individual
prospores, sps1 mutants did not exhibit staining around pro-
spore-like structures, indicating that the prospores lacked the
second layer of the spore wall (Fig. 2).

The third layer of the spore wall, comprised of chitosan, was
detected by using the chitin-binding dye calcofluor white. Wild-
type cells showed calcofluor white staining around each indi-
vidual spore (Fig. 2). Consistent with EM analysis (8), sps1
mutants did not display this pattern, as no asci were observed
with the characteristic staining. Instead, we observed small
round bud scars (Fig. 2). Taken together with the EM analysis,
these results indicate that the chitosan layer of the spore wall
is not laid down properly in sps1 mutants.

Interestingly, a very small fraction of sps1 cells (	1%) dis-
played prospore-like structures that were positive for glucan
staining but not chitosan. This suggests that sps1 mutants pro-
duce prospores of varying maturity as reported previously (8).
Nonetheless, our results indicate that once prospore mem-
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branes form, neither the glucan nor chitosan layer is deposited
in the majority of sps1 mutant cells.

Dityrosine is not incorporated into the sps1 prospores. sps1
mutant spores do not contain detectable levels of dityrosine
when visualized by short-wave UV light or EM but display
increased levels of DIT1 mRNA (8). To monitor total dity-
rosine, we measured fluorescence at 315 nm in whole-cell ex-
tracts and found that sps1 mutants contain severely reduced
levels of dityrosine compared to the wild type (Fig. 3). To
distinguish between a failure to synthesize dityrosine and the
inability to incorporate dityrosine into the spore wall, we con-
structed an sps1 dtr1 double mutant. Dtr1p is a membrane
protein that is responsible for translocation of dityrosine
through the prospore membrane. Thus, inactivation of DTR1
results in intracellular accumulation of dityrosine (7). In sps1
mutants, Dtr1p-GFP localized to prospore membranes (Fig.
1D). Furthermore, dityrosine levels were increased in whole-

cell extracts from sps1 dtr1 mutants (Fig. 3). Thus, dityrosine is
synthesized and transported out of the cell but fails to be
incorporated into the spore wall in the sps1 mutant.

sps1 mutants display defects in the localization of Gsc2p and
Chs3p to the prospore membrane. Given the failure of sps1
mutants to synthesize either the glucan or chitosan layer of the
spore wall, we examined the localization of two key enzymes
responsible for synthesis of these components during sporula-
tion. Gsc2p, a glucan synthase, forms an imperfect redundant
pair with Gsc1p and is required for regulated glucan synthesis
in response to environmental cues, including sporulation (16).
Chs3p, chitin synthase III, synthesizes 90% of bulk chitin in
vegetatively growing yeast and is also required for synthesis of
the chitosan layer during sporulation (20, 37). We constructed
functional GFP-tagged versions of these enzymes and exam-
ined their localization in living wild-type and sps1 cells.

Cells induced in sporulation show plasma membrane (PM)

FIG. 1. Prospore membrane formation appears normal in sps1 mutants. (A) GFP-Spo14p staining in the wild type (wt) and sps1 mutants;
(B) Don1p-GFP staining in the wt and sps1 and spo14� mutants. (C) Spr28p-GFP staining in the wt and sps1 mutants; (D) Dtr1p-GFP staining
in the wt and sps1 mutants. Living cells were visualized at the time of the meiotic divisions.
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and internal punctate staining of Gsc1p-GFP and Chs3p-GFP
(data not shown). As the cells progress through the meiotic
divisions, the majority of Gsc2p-GFP and Chs3p-GFP resided
in intracellular structures in both wild-type and sps1 cells (Fig.
4). As spore morphogenesis continued, Gsc2p-GFP and
Chs3p-GFP were visualized at the prospore membrane in wild-
type cells (Fig. 4). However, neither Gsc2p-GFP nor Chs3p-
GFP was found at the prospore membrane in sps1 cells (Fig.
4). In contrast, Chs3p-GFP reached the prospore membrane in
smk1 mutants (data not shown), which arrest at a stage of
sporulation similar to that in sps1 mutants (12). Thus, sps1
mutants appear to be specifically defective in localization of
these enzymes to the prospore membrane.

Sporulating cells accumulate PM-associated Chs3p-GFP
during endocytic arrest. The failure of sps1 cells to localize

Gsc2p-GFP and Chs3p-GFP to the prospore membrane could
reflect either a failure to properly transport these molecules
through the secretory pathway or a failure to redirect pools of
these enzymes from the PM to the prospore membrane. To
distinguish between these possibilities, we inhibited endocyto-
sis to determine at which stage Chs3p trafficking is blocked. To
that end, we first determined whether the absence of Sps1p
results in endocytic defects and used the vital stain FM4-64 to
monitor uptake during sporulation. Figure 5 shows that wild-
type cells internalized FM4-64 from the PM to internal sites
and then to the vacuolar membrane during sporulation. Simi-
larly, sps1 mutants (Fig. 5) displayed distinct vacuolar mem-
brane staining with the same kinetics as the wild type. Thus,
sps1 mutants are proficient for endocytosis.

We next transiently blocked endocytosis in the wild type and
sps1 mutants by using the actin-depolymerizing agent latA.
latA was added to cells undergoing the meiotic divisions and
incubated for 15 min. The cells were then washed and imme-
diately examined by fluorescence microscopy. The majority of
wild-type cells showed PM and punctate cytosolic staining of
Chs3p-GFP (Fig. 4), while the majority of the untreated cells
displayed punctate cytosolic staining as well as distinct pro-
spore membrane staining in some cells (Fig. 4). sps1 cells also
displayed Chs3p-GFP PM and punctate cytosolic staining when
treated with latA (Fig. 4); however, Chs3p remained primarily
in the cytosol and failed to accumulate at the prospore mem-
brane in the absence of latA (Fig. 4). Taken together, our
results suggest that Chs3p reaches the PM in sps1 mutants and
becomes internalized by endocytosis, but fails to localize to
prospore membranes.

Shc1p-GFP is not properly localized in sps1 mutants, but its
inactivation does not alter Chs3p-GFP localization. In vege-
tative cells, proper localization of Chs3p to the developing bud
relies on Chs4p. During sporulation, Chs4p is replaced by the
sporulation-specific homolog Shc1p (29). To determine the
localization of Shc1p in sporulating cells, we constructed and

FIG. 2. sps1 mutants do not display the full array of spore wall
layers. The left panels show wild-type (wt) cells with characteristic
staining patterns of calcofluor white (chitosan), anti-glucan antibodies
(�-1,3-glucan), and FITC-ConA (mannan) around each individual
spore. The fourth spore of the tetrad is out of the plane of focus. sps1
mutants do not display staining with calcofluor white or anti-glucan
antibodies around each spore-like structure but do have distinct FITC-
ConA staining.

FIG. 3. Dityrosine is synthesized but not incorporated into the spore wall in sps1 mutants. Extracts were prepared and fluorescence was
measured as described in Materials and Methods. The intensity of emission was measured at 420 nm. The peak at 315 nm corresponds to dityrosine.
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examined Shc1p-GFP in the wild type and sps1 mutants.
Shc1p-GFP localized to punctate dots within the cytoplasm
and then to prospore membranes in the wild type (Fig. 6), a
pattern similar to what is observed for Chs3p-GFP. Like Chs3p-
GFP, Shc1p-GFP did not reach the prospore membrane in the
majority of sps1 mutant cells examined (Fig. 6A). This result
raises the possibility that the failure of Chs3p to reach the
prospore membrane in sps1 mutants is due to a failure to
properly localize Shc1p.

To determine whether Shc1p did indeed mediate the local-
ization of Chs3p during sporulation, analogous to the role of
Chs4p in vegetative cells, we examined the localization of Chs3p-
GFP in shc1 mutants induced in sporulation. Chs3p-GFP dis-
played a pattern of localization indistinguishable from that of
the wild type (Fig. 6B). Thus, while Shc1p functions like Chs4p
to stimulate the enzymatic activity of Chs3p (29), it is not re-
quired for the localization of Chs3p to the prospore membrane.

Sps1p localizes to internal punctate structures and pro-
spores. To determine the intracellular localization of Sps1p, an
SPS1 promoter-driven N-terminal GFP fusion was constructed
and integrated onto the chromosome (see Materials and Meth-
ods). Unlike C-terminal fusions (data not shown), the full-
length N-terminal fusion is fully functional.

Very little fluorescence was observed in cells immediately
after transfer to sporulation medium; however, as cells pro-
gressed through the meiotic divisions, a punctate staining pat-
tern was observed (Fig. 7). In some cells, prospore membrane
staining was also evident. The pattern of GFP-Sps1p staining

was similar to that of Chs3p-GFP and Gsc2p-GFP staining. To
determine whether Sps1p colocalized with these enzymes, we
constructed a Chs3p-dsRed fusion and examined yeast strains
harboring both GFP-Sps1p and Chs3p-dsRed in living cells. As
shown in Fig. 7, the signals largely overlapped. Of 34 cells
examined, 89.9% of Chs3p-dsRed signals colocalized with
GFP-Sps1p, while 93.6% of GFP-Sps1p signals also contained
Chs3p-dsRed. We also examined the colocalization of Chs3-
dsRed with Gsc2p-GFP and found that 95.3% of the Chs3p-
dsRed also contained GFP-Gsc2p and 68.5% of the Gsc2-GFP
signal overlapped with Chs3p-dsRed. These results indicate
that these proteins largely colocalize with each other in the cell.

DISCUSSION

Our results demonstrate that Sps1p, a member of the Ste20/
p21-activated kinase family of kinases, regulates the movement
of enzymes required for spore wall synthesis. Analysis of Chs3p
and Gsc2p, key enzymes regulating chitin and glucan synthesis,
respectively, reveals that these enzymes fail to reach the pro-
spore membrane in the absence of Sps1p.

Secretory events involved in prospore membrane formation
differ from those involved in spore wall maturation. During
sporulation, the secretory system plays a vital role in redirect-
ing proteins that transit the Golgi apparatus to the prospore
membrane (which will become the PM once the spore germi-
nates) (17). Sps1p does not appear to regulate these trafficking
events, as prospore membrane-associated GFP-Spo14p,

FIG. 4. Chs3p-GFP and Gsc2p-GFP fail to reach the prospore membrane in sps1 mutants. Chs3p-GFP localization is shown in living wild-type
(wt) and sps1 cells and with the addition of latA (�latA). Gsc2p-GFP (Fks2p-GFP) localization is shown in living wt and sps1 cells.
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Don1p-GFP, Spr28p-GFP, and Dtr1p-GFP are all detected on
prospore membranes in sps1 mutants. In contrast, spo14� mu-
tants, which fail to synthesize prospore membranes (26), show
only punctate fluorescence of Don1p-GFP and no defined pat-
tern for Spr28p-GFP (J. Connolly and J. Engebrecht, unpub-
lished data). These Don1p-GFP punctate structures presum-
ably correspond to post-Golgi vesicles, consistent with the

hypothesis that Spo14p functions in vesicle fusion for prospore
membrane formation (27). The difference in the phenotypes of
spo14 and sps1 mutants with respect to localization of these
membrane-associated proteins indicates that Sps1p functions
downstream of this developmentally regulated secretory path-
way.

Although prospore membranes are synthesized in sps1 mu-

FIG. 5. sps1 mutants are proficient for endocytosis. Wild-type (wt) cells and sps1 mutants stained with FM4-64 are shown. Numbers above the
panels refer to time (in minutes) after FM4-64 was washed out.

FIG. 6. Shc1p-GFP is not properly localized in sps1 mutants but is not required for Chs3p-GFP localization to the prospore membrane.
(A) Shc1p-GFP localization in wild-type (wt) and sps1 cells; (B) Chs3p-GFP localization in shc1� cells.
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tants, they are not as uniform in shape as the membranes
observed in the wild type (Fig. 1). We attribute the irregular
shape of the sps1 membranes to the failure to elaborate the
spore wall, which provides a rigid structure, and not to a defect
in prospore membrane formation per se. While trafficking
from the Golgi apparatus to the prospore membrane appears
functional in the sps1 mutant, enzymes required for synthesis
of the spore wall fail to reach the prospore membrane, sug-
gesting that additional developmentally regulated pathways of
protein movement are in operation during sporulation.

Sps1p regulates the movement of enzymes required for
spore wall synthesis. The glucan synthase, Gsc2p, plays a mi-
nor role in glucan synthesis in vegetative cells but is essential
for sporulation (16). During sporulation, Gsc2p localizes to
prospore membranes for synthesis of the glucan spore wall
layer. However, in the absence of Sps1p, Gsc2p fails to reach
the prospore membrane and thus the glucan spore wall layer is
absent. In addition to Gsc2p, sps1 mutants also fail to localize
Chs3p and its regulator, Shc1p, to the prospore membrane.
Chs3p is responsible for most of the chitin synthase activity in
yeast (30) and is essential for synthesis of the chitosan layer of
the spore wall (20, 37). Surprisingly, when the demand for
chitin is increased, such as during spore wall synthesis, in-
creases in CHS3 transcription are not observed (36). Chs3p is
dynamic during both mitosis and meiosis and interacts with a
number of protein partners in each cell compartment (28, 34,
40). Interaction with these proteins, in addition to a cleavage
event mediated by Chs4p/Shc1p, results in a concomitant in-
crease in chitin synthase activity (19), suggesting that regula-
tion of Chs3p is achieved through spatial and temporal control.
Just as it is important to localize chitin synthase activity to the
bud neck in vegetative cells, the ability to synthesize the chi-
tosan layer in the spore wall is dependent on the localization of
the enzyme to the prospore membrane. To accomplish this,
Chs3p is redirected to the prospore membrane. Sps1p localizes
to internal structures that contain Chs3p, suggesting that Sps1p
directly regulates the movement of this enzyme to the devel-
oping spore.

Factors governing chitin transport during vegetative growth,
such as Chs6p and Chs7p, display spore wall defects, implying
that at least some of the same machinery regulating the trans-
port of chitin synthase is used during sporulation (29). On the
other hand, Shc1p replaces Chs4p during sporulation, indicat-
ing that Chs3p must be specifically modified to carry out its

role in sporulation. We found that, unlike Chs4p in vegetative
cells, Shc1p is not required for the localization of Chs3p to the
prospore membrane. This is presumably due to the fact that
spore maturation occurs uniformly, while bud growth is highly
polarized, and Chs4p is required to specifically target the en-
zyme to the site of bud growth. Chs3p and Shc1p localization
is dependent on Sps1p, suggesting that Sps1p is an important
regulator of chitin synthase activity during sporulation.

Sps1p functions after Gip1p-Glc7p-regulated prospore mem-
brane closure. sps1 mutants synthesize prospore membranes
and organize septins, indicating that prospore membrane clo-
sure occurs, but fail to synthesize spore wall layers. Septin
organization is regulated by the Gip1p-Glc7p phosphatase and
is necessary for prospore membrane closure and subsequent
spore wall maturation (33). In the gip1 mutant, septins are not
organized and the spore wall layers are not synthesized. These
results suggest that Sps1p functions downstream of the Gip1p-
Glc7p phosphatase. The Gip1p-Glc7p phosphatase complex
may antagonize Sps1p until septins are properly organized.
Once this scaffold for spore wall synthesis is set up, Sps1p may
be activated and regulate the movement of proteins important
for spore wall synthesis.

Sps1p regulates the trafficking of Gsc2p, Chs3p, Shc1p, and
perhaps other proteins essential for spore wall formation. This
pathway of protein movement involves redirection of PM pro-
teins to the prospore membrane. The localization of Sps1p to
a large complex that contains Chs3p and Gsc2p suggests that
Sps1p may directly target these enzymes, either through pro-
tein-protein interactions or by phosphorylation. During cell
stress, Chs3p has been shown to be phosphorylated in a Pkc1p-
dependent manner; this modification correlates with translo-
cation of Chs3p from internal structures (chitosomes) to the
PM (35). Thus, phosphorylation is one mechanism to drive
movement of proteins in response to environmental changes
(e.g., stress and starvation/sporulation). Alternatively, Sps1p
may interact with or modify components of the intracellular
trafficking pathway to allow spore wall enzymes to be redi-
rected in the cell. Additionally, Sps1p regulates other aspects
of sporulation. In particular, sps1 mutants display defects in the
expression pattern of mid-late and late sporulation genes (8)
and thus may play a role in the transcriptional program. Iden-
tification of the targets of Sps1p should elucidate the pathways
regulated by this conserved protein.

FIG. 7. GFP-Sps1p localizes to internal structures and prospores and displays colocalization with Chs3p-dsRed. Left (green), GFP-Sps1p
localization in living cells induced in sporulation; center (red), Chs3p-dsRed localization in living cells induced in sporulation; right (yellow),
merged image showing colocalization of GFP-Sps1p and Chs3p-dsRed.
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