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Campus Miguel de Unamuno, 37007 Salamanca, Spain

Received 22 May 2009/Accepted 16 June 2009

Meiosis is the developmental program by which sexually reproducing diploid organisms generate haploid
gametes. In yeast, meiosis is followed by spore morphogenesis. When Schizosaccharomyces pombe diploid cells
undergo meiosis, they differentiate into asci containing four haploid ascospores that are highly resistant to
environmental stress. The formation of the ascospore wall requires the activity of several enzymes involved in
the biosynthesis and modification of its components, such as �- and �-glucan synthases. Once the spores are
completely mature, the wall of the ascus undergoes an endolytic process that results in the release of ascospores
from the ascus, allowing their dispersal into the environment. This process requires the activity of the
endo-�-1,3-glucanase Agn2. Here, we focus on the characterization of the endo-�-1,3-glucanase Eng2, which is
also required for ascospore release from the ascus. Although Eng2 is present during the mitotic cycle, the
protein accumulates after meiosis II. The expression of eng2� is required for the efficient release of ascospores,
as shown by placing eng2� under the control of a repressible promoter. Furthermore, a point mutation that
destroys the catalytic activity of the protein results in a phenotype similar to that of the mutant strain. Finally,
we demonstrate that exogenous addition of purified Eng2 releases the ascospores from asci generated by an
eng2� mutant. We propose that Eng2 would act together with Agn2 to completely hydrolyze the ascus wall,
thereby assisting in the release of ascospores in S. pombe.

Cells of the fission yeast Schizosaccharomyces pombe have a
rod-like shape and grow at the poles. S. pombe cells are stable
in the haploid state and proliferate asexually until there is a
shortage of nutrients. When cells are starved, especially of nitro-
gen, a sexual development program is triggered, and hence, cells
from the opposite mating types conjugate to form zygotes. These
immediately undergo meiosis, giving rise to four haploid zygotic
ascospores (34).

Spore formation is a complex differentiation program in
which two sequential processes, meiosis and ascospore forma-
tion, occur in a coordinate fashion. During meiosis, the re-
cently formed diploid nucleus undergoes a round of DNA
replication, followed by two successive nuclear divisions gen-
erating four haploid nuclei (34). The morphogenetic program
that leads to the formation of ascospores starts during meiosis
II, when the four spindle-pole bodies (SPBs) differentiate into
a sporulation-specific shape and change into a multilayered
structure (15). These modified SPBs serve as the nucleation
points for the fusion of membrane vesicles, resulting in the
formation of a double-membrane structure, known as the fo-
respore membrane, which engulfs each nuclear lobe and iso-
lates the four haploid nuclei (15, 33, 34). Following this, the
cell wall of the ascospore is synthesized de novo within the
lumen of the forespore membrane through the deposition of
successive layers of cell wall material mediated by the action of
specific synthases. The synthesis of spore cell wall material

requires the activity of several sporulation-specific enzymes,
such as the �-glucan synthase subunits Mok12, Mok13, and
Mok14, paralogues of the vegetative �-glucan synthase Mok1
(14, 16, 34). Additionally, the biosynthesis of the spore wall
�-1,3-glucan is carried out by a specific �-1,3-glucan synthase
complex, whose catalytic subunit is encoded by bgs2� (20, 22).
Synthesis of the ascospore cell wall also requires the activity of
other enzymes, such as the chitin synthase Chs1, the putative
chitin deacetylase Cda1, and the �-glucanosyl transferase Gas4
(2, 8, 29). Interestingly, all these genes are induced during the
sporulation process, and most of them belong to the middle
and late groups, which contain genes induced during meiosis I
and II and spore formation, respectively (27). Furthermore,
the expression of most of these genes involved in spore wall
assembly requires the meiosis-specific transcription factor
Mei4 (28).

The final step in the sporulation process is the hydrolysis
of the ascus wall surrounding the ascospores for release of
the meiotic products into the environment, allowing their dis-
persal. The ascus wall is the cell wall of vegetative cells that
fuse to form a diploid and is thus mainly composed of �- and
�-glucans (17, 21). Recently, it has been shown that the �-1,3-
glucanase Agn2 functions late in sporulation and that it is
necessary for the hydrolysis of the �-1,3-glucan of the ascus
wall for release of the ascospores (6, 7). Agn2 lacks a signal
sequence for secretion, and the protein localizes to the epi-
plasm, the material surrounding the ascospores inside the as-
cus wall (6). Interestingly, the S. pombe genome also contains
an endo-�-1,3-glucanase, named Eng2, which lacks a secretion
signal and whose expression is induced during the sporulation
process (27, 36). This suggests that it might also be involved in
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the sporulation process. Expression of agn2� and eng2� during
sporulation is also dependent on the Mei4 transcription factor
(28).

Here, we demonstrate that Eng2 is also necessary for the
endolysis of the S. pombe ascus wall. Eng2 has a pattern of
induction and localization similar to that reported for Agn2.
The expression of eng2� and the catalytic activity of the protein
are required for the efficient dispersal of ascospores. More-
over, the exogenous addition of purified S. pombe Eng2, but
not Saccharomyces cerevisiae Eng2, was able to complement
the defect of eng2� mutants. These results indicate that Agn2
and Eng2 form a pair of hydrolytic enzymes whose concerted
action is essential for spore release from the ascus.

MATERIALS AND METHODS

Strains, growth conditions, and genetic manipulations. The S. pombe strains
used in this study are listed in Table 1. Yeast cells were grown on YES medium
or minimal medium (EMM) with appropriate supplements (30). For conjugation
and sporulation assays, haploid cells of opposite mating types were induced to
conjugate and sporulate on EMM-N solid medium (EMM without the nitrogen
source). The regulated expression of eng2� during sporulation was achieved as
previously described (7). Diploid cells first were grown to the exponential phase
in EMM containing 1% ammonium chloride (EMM-AC). To induce sporulation
synchronously, cells were then shifted to EMM containing 0.5% (wt/vol) sodium
glutamate and 0.5% glucose (EMM-SG). Yeast transformations were performed
with the lithium acetate method (19). For overexpression experiments using the
nmt1� promoter, cells were grown in YES medium up to the logarithmic phase.
Then, cells were harvested, washed three times with EMM-N, and inoculated in
fresh medium with or without thiamine (15 mM).

Construction of null mutants and green fluorescent protein (GFP)-tagged
strains. The oligonucleotides used in this study are listed in Table 2 (oligonu-
cleotide pairs used in each experiment are indicated in parentheses). The entire
coding sequences of eng1� (SPAC821.09), eng2� (SPAC23D3.10c), and agn2�

(SPBC646.06c) were deleted to create the null mutants by replacing the coding
sequences by the ura4� or kanMX4 cassette (which confers resistance to the
G418 antibiotic). The deletion cassettes were constructed using the recombinant

TABLE 1. Yeast strains used in this study

Strain Genotype or description Source

OL23 ura4-D18 h� Laboratory stock
OL24 ura4-D18 eng2::ura4 h� Laboratory stock
OL176 ade6-M210 leu1–32 ura4-D18 h� Laboratory stock
OL177 ade6-M216 leu1–32 ura4-D18 h� Laboratory stock
OL757 ade6-M210 leu1–32 ura4-D18

eng1::kanMX4 h�
Laboratory stock

OL759 ade6-M210 leu1–32 ura4-D18
eng2::kanMX4 h�

Laboratory stock

OL763 ade6-M210 leu1–32 ura4-D18
agn2::kanMX4 h�

Laboratory stock

OL771 ade6-M216 leu1–32 ura4-D18
eng1::kanMX4 h�

Laboratory stock

OL773 ade6-M216 leu1–32 ura4-D18
eng2::kanMX4 h�

Laboratory stock

OL777 ade6-M216 leu1–32 ura4-D18
agn2::kanMX4 h�

Laboratory stock

OL896 ura4-D18 eng2-GFP:Kanr h� This work
OL937 ura4-D18 agn2-GFP:Kanr h� This work
OL958 ura4-D18 P41nmt1-HA3-eng2:Kanr h� This work
OL952 ade6-M210 eng2-GFP:Kanr ura4-D18

leu1–32 h�
This work

OL953 ade6-M216 eng2-GFP:Kanr ura4-D18
leu1–32 h�

This work

OL954 ade6-M210 agn2-GFP:Kanr ura4-D18
leu1–32 h�

This work

OL955 ade6-M216 agn2-GFP:Kanr ura4-D18
leu1–32 h�

This work

OL946 OL176/OL177 This work
OL948 OL757/OL771 This work
OL950 OL759/OL773 This work
OL959 OL763/OL777 This work
OL961 OL952/OL953 This work
OL962 OL954/OL955 This work

TABLE 2. Oligonucleotides used in this study

Primer location and no. Sequence (5�–3�)

eng2�-GFP
1391 ......................CCTTTACTGCTGATAAAATTGATAACGGAGCTAGTAAAACCTGGTACTTAGCTATGGCTGCTGGTATGGG

TGGATCACCAGCAGCAGCAGCAGCAGCAGCAGCACGGATCCCCGGGTTAATTAA
1392 ......................AACAATGCAGAAGCGAAAAAGTAATTTTCTGTCTTTAATATTTATGGAAAACTTCGAAGTAAGCCAACTT

GAATAAGCAGGAATTCGAGCTCGTTTAAAC

agn2�-GFP
1465 ......................GGGTATGGTCCATTAAATATTCTTGGTAACAATTCTGTTGTGCTATACAACTTCAACTTCTGCACCACTAG

GATATCCTGGCGGATCCCCGGGTTAATTAA
1466 ......................TTGATACCACTTCGTTGGAGTTTGTTACGGTCAGTTGATCAGCAGCCCAAGTGTCAAGCGGTATCGAACT

TTCAGGTTTATGAATTCGAGCTCGTTTAAAC

HA3-eng2�

1393 ......................TGTTACTTTCGCTAAGTTATTTAAGACAAATAATTGAGTGTTGTTTCATTTTTTAGTTAGTTCCAAATTTTT
GAGGTGGCGAATTCGAGCTCGTTTAAAC

1394 ......................CCAAGAGGAGGAGATGGGTGTGCTCTTGATGGAAAAACCGGATTGATAGGTCCAGTATAGATTGGTACT
AAAACATCCATTGCTGCTGCTGCTGCTGCTGCTGCGCACTGAGCAGCGTAATCTG

pJED12
366 ........................GGGGGGGTCGACTTTTAATGTTTGAAGGCC
367 ........................GGGGGGGAGCTCGAAAGCAGCTTCCAT

pJED13
743 ........................GAAAGTTGAAGTCGACTGAGGTTG
744 ........................CAACCTCAGTCGACTTCAACTTTC
1440 ......................CACTGGGGTTATCATATTTACGC
1445 ......................CGTGAATAGTGAACTCTACAATTTACGGC
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PCR approach described by Wach (35). To accomplish this, DNA fragments of
300 to 500 bp corresponding to the 5� and 3� flanking regions of each gene were
PCR amplified using specific oligonucleotide pairs. The resulting fragments were
then fused by recombinant PCR to the kanMX4 cassette or to the ura4� gene.

The C-terminally GFP-tagged (eng2-GFP and agn2-GFP) strains were con-
structed by direct chromosome integration of PCR fragments, generated using
the pFA6a-GFP-kanMX6 plasmid as a template and specific oligonucleotides
(1391/1392 for eng2-GFP and 1465/1466 for agn2-GFP) (3). The amplified frag-
ments contained the GFP-coding region fused in-frame to the last codon of the
eng2� and agn2� genes and the kanMX6 cassette, which was used to select for
transformants. The N-terminally three-hemagglutinin (HA3)-tagged (HA3-eng2)
strain under the control of the repressible nmt1� promoter was constructed by
direct chromosome integration of PCR fragments generated using the pFA6a-
3HA-kanMX6 plasmid as a template and specific oligonucleotides (1393/1394)
(3). Correct integration of the DNA fragment was verified by PCR.

Plasmid pJED12 carries the wild-type eng2� gene cloned under the control of
its own promoter. Oligonucleotides 366/367, which generated SalI/SacI sites at
the ends, were used for PCR amplification, and SalI/SacI restriction sites were
used to clone the fragment into the pAU-KS vector. pJED13 carries the
eng2(E537A) allele. Site-directed mutagenesis was accomplished by recombinant
PCR according to the protocol described by Wach (35). The DNA fragment
containing the desired mutation was amplified using a pair of oligonucleotides
that generated the mutation substitution (743/744) and two external primers
(1440/1445). The amplified fragment (968 bp) containing the mutation was then
cloned into plasmid pJED12 (BamHI-SpeI).

Ascospore release. For ascospore release experiments, diploid strains were
sporulated for 7 days. Mature asci were washed, resuspended in 300 �l of 50 mM
acetate buffer, pH 5.5, and incubated with 0.8 �g of purified S. pombe Eng2 or
purified S. cerevisiae Eng2 (25) at 37°C for 1 h. The percentage of ascospore
release was calculated as the number of free spores versus the total number of
mature spores counted.

Extract preparation, electrophoresis, and immunoblotting. Sporulating cells
were collected by centrifugation; a small aliquot was used to assess the sporula-
tion process by microscopy. Pellets were boiled for 10 min, quickly frozen (in dry
ice), and stored at �80°C. Total cell extracts of sporulating cells were prepared
by breaking the cells or the spores with glass beads in lysis buffer (50 mM Tris,
pH 8.0, 150 mM NaCl, 20 mM PMSF, and 1% Triton X-100).

For immunoblotting, 60 �g of protein extract was resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis on 10% gels. Protein transfer, blot-
ting, and chemiluminescence detection were performed using standard proce-
dures. Anti-GFP (JL-8 Living Colors; Clontech) or antiactin (ICN Biomedicals)
antibodies were used.

Microscopy techniques. For light microscopy, cells were stained with DAPI
(4�,6-diamino-2-phenylindole) for DNA visualization. Samples were viewed us-
ing a Leica DMRXA microscope equipped for bright-field and Nomarski optics
and epifluorescence and were photographed with a Hamamatsu ORCA-ER
camera. To estimate the proportion of cells in meiosis I, meiosis II, or sporula-
tion, the percentages of cells with one, two, or four nuclei observed after DAPI
staining and the percentage of asci with mature spores observed under Nomarski
microscopy were determined.

�-Glucanase activity assay and substrates. Activity was detected using re-
duced laminarin (Sigma) as a substrate. Laminarin was reduced by treatment
with NaBH4 in 50 mM NaOH, dialyzed against acetate buffer (50 mM, pH 5.5),
and freeze dried. Determination of �-glucanase activity was performed at 37°C
for different incubation times with 50 mM acetate buffer, pH 5.5, containing 0.64
mg/ml of laminarin and 0.1 to 0.6 mg of protein extract. Activity was determined
by measuring the amount of reducing sugars released from the substrate with the
p-amino-hydroxybenzoic acid hydrazide method (12). After enzyme incubation,
an aliquot of 50 �l was added to a solution of 950 �l of 50 mM sodium sulfite,
250 mM NaOH, 25 mM sodium citrate, 10 mM CaCl2 containing 1 g p-amino-
hydroxybenzoic acid hydrazide per 100 ml. Following a 10 min boiling period,
reduced sugars were quantified at 405 nm, using glucose as a standard. One unit
of activity was defined as the amount of enzyme that catalyzed the release of
reducing sugar groups equivalent to 1 �mol of glucose per h, and specific activity
was expressed as U per milligram of protein.

RESULTS

Eng2 is induced during ascospore formation. In its genome,
S. pombe contains two genes, eng1� and eng2�, that code for
proteins belonging to glycosyl hydrolase family 81 (GH81).
While Eng1 is necessary for controlled dissolution of the pri-

mary septum during cell separation at the end of mitosis (23),
no function has been described for Eng2. Genome-wide tran-
scription-profiling experiments on synchronously sporulating
S. pombe cells have revealed that the expression of eng2�,
which belongs to the middle group of genes (27), is induced
during this process. This induction pattern is similar to that of
the endo-�-1,3-glucanase Agn2, which is required for hydroly-
sis of the ascus wall before spore release (7), suggesting that
Eng2 might perform its function during the sporulation pro-
cess. To confirm that this induction pattern was accompanied
by an increase in Eng2 protein levels, eng2� was tagged with
GFP to analyze protein levels along the sporulation process;
the fusion protein was detected during vegetative growth (Fig.
1A). A diploid strain carrying Eng2-GFP was induced to sporu-

FIG. 1. Eng2 accumulates during sporulation. (A) Western blot
analysis of Eng2-GFP during vegetative growth. Samples were col-
lected from exponentially growing cultures of wild-type (WT; OL23),
eng2� mutant (OL24), and eng2-GFP (OL896) strains to prepare pro-
tein extracts. Anti-GFP antibody was used. (B) Western blot analysis
of Eng2-GFP and Agn2-GFP during sporulation. The diploid strains
OL961 and OL962 were induced to sporulate. Samples were collected
at the indicated times after the induction of sporulation to prepare
protein extracts. Anti-GFP antibody was used. Actin was used as a
loading control. Meiotic progression was followed by DAPI staining of
nuclei, and sporulation was checked by microscopic observation of
asci. The percentages of mononucleate, binucleate, and tetranucleate
cells and spores at each time point for the strain carrying Eng2-GFP
are shown in the graph.
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late, and samples were collected at different times after induc-
tion and analyzed using anti-GFP antibodies. The results indi-
cated that Eng2 was strongly induced along the sporulation
process, maximum accumulation coinciding with the end of
meiosis II and spore formation (9 h after induction of sporu-
lation). As a control, a strain bearing Agn2-GFP was used, and
a similar pattern was observed, although Agn2-GFP was de-
tected earlier than Eng2 (Fig. 1B). Thus, although Eng2 is
present during vegetative growth, its synthesis is strongly in-
duced during sporulation, with an induction profile slightly
slower than that observed for Agn2.

Endo-�-1,3-glucanase activity during sporulation depends
on eng2�. Previously, we have shown that Eng2 is a glucanase
with high specificity for �-1,3-glucans, acting with an endo-
hydrolytic mode of action (25). To analyze whether the in-
crease in Eng2 protein levels during sporulation might result in
an increase in �-1,3-glucanase activity, the activity of sporulat-
ing cells was assayed using laminarin as a substrate. As shown
in Fig. 2A, �-1,3-glucanase activity gradually increased in wild-
type sporulating cells, reached a peak at the moment that the
culture completely sporulated (12 h), and thereafter decreased
slowly, in good agreement with the results obtained by West-
ern analysis (Fig. 1B). Since S. pombe contains two proteins
belonging to the GH81 family encoded by the eng1� and
eng2� genes (23, 25), homozygous eng2�/eng2� and eng1�/
eng1� diploids were constructed to confirm that the increase
in �-1,3-glucanase activity during sporulation was indeed
due to eng2�. We observed that the basal level of �-1,3-
glucanase activity of the eng2�/eng2� strain did not increase
along sporulation, which can be attributed to the activity of
the Eng1 glucanase (Fig. 2A). In contrast, eng1�/eng1� dip-
loids had low levels of glucanase activity during vegetative
growth (time zero) that increased over time, with kinetics iden-
tical to that of wild-type diploids, although the amplitude of
the increase was smaller. These results therefore indicate that
the bulk of �-1,3-glucanase activity produced during sporula-
tion corresponds to Eng2.

eng2� functions after ascospore formation. To analyze the
moment at which Eng2 exerts its function during sporulation,
we first tested the possibility that Eng2 might play a role
during mating or sporulation. Wild-type, eng1�, or eng2�
cells of opposite mating types were allowed to mate and
sporulate at 25°C for 3 days. Mating and sporulation efficiency
levels were monitored by microscopic inspection of the cul-
tures. The percentages of mature spores in eng2�/eng2� and
eng1�/eng1� crosses were similar to those found for wild-type
haploid strains, indicating that eng1� and eng2� are not essen-
tial genes for conjugation and subsequent sporulation.

Progression through meiosis was also analyzed for wild-type
and homozygous eng2�/eng2� mutant strains. The kinetics of
the appearance of bi- and tetranucleate cells was measured for
wild-type and eng2� mutant strains incubated in sporulation
medium for different time intervals. Microscopic inspection of
the DAPI-stained cells indicated that bi- and tetranucleate
cells were present in the eng2� mutant. When progression
through meiosis was quantified, the results indicated that the
kinetics of appearance of bi- and tetranucleate cells in the
eng2� mutant was almost identical to that of the wild-type
strain (Fig. 2B). Mature spores started to appear after 9 h of
incubation and accounted for about 70% of the culture at 12 h

of incubation in the wild-type strain, and a similar value
was observed for the eng2� mutant. Microscopic inspection of
spores incubated for 24 h in sporulation medium suggested
that the spores produced by the eng2� mutant were fully ma-
ture (Fig. 2B), although the spatial arrangement of the mutant
spores had a slight tendency to be linear rather than the typical

FIG. 2. �-1,3-Glucanase activity during sporulation. (A) The dip-
loid strains OL946 (WT), OL948 (eng1�/eng1�), and OL950 (eng2�/
eng2�) were grown on EMM-AC and then transferred to EMM-SG to
induce sporulation. Samples were collected at the indicated times after
the induction of sporulation to prepare protein extracts and to assay
�-1,3-glucanase activity, using laminarin as substrate. Activity is rep-
resented as units/mg protein. Values are means of results from three
independent measurements, and standard deviations are shown. MI,
meiosis I; MII, meiosis II. (B) Meiotic progression of the wild-type
(WT) and eng2�/eng2� strains. Aliquots of the culture were stained
with DAPI, and the percentages of mononucleate, binucleate, and
tetranucleate cells and spores at each time-point are shown. Images
show mature spores after 24 h of incubation in sporulation medium.
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diamond shape. Together, these results indicate that eng2� is
not required for DNA duplication, meiotic segregation, or
spore formation.

Eng2 is required for endolysis of the ascus wall. It has been
reported that the endo-�-1,3-glucanase Agn2 is directly in-
volved in endolysis of the ascus wall and that Agn2 is necessary
for the release of ascospores into the medium (6, 7). agn2�

expression is also induced during sporulation, and the protein
lacks a signal sequence for entry into the secretory pathway,
localizing to the cytoplasm of the ascus. Since Eng2 also lacks
a signal sequence for secretion, we analyzed whether Eng2
might play a similar role in the endolysis of the ascus wall after
sporulation at the time of ascospore release. To test this idea,
eng2�/eng2� diploid cells were transferred to sporulation me-
dium and incubated for long periods of time. As controls, we
used isogenic wild-type and agn2�/agn2� diploid strains. The
three strains formed similar percentages of asci containing four
ascospores within 24 to 48 h after the start of induction. In the
wild-type tetrads, the ascus walls started to lyse, releasing the
individual ascospores over time, a maximum of free spores
(�95%) being reached at 96 h after induction (Fig. 3). In
contrast, the ascus walls remained intact in most agn2�/agn2�
and eng2�/eng2� tetrads. The defect in spore release was
slightly more prominent in agn2�/agn2� cells than in eng2�/
eng2� mutants (1% free spores versus 8%, respectively), sug-
gesting that Agn2 might play a more relevant role than Eng2 in
hydrolysis of the ascus wall (Fig. 3B).

To confirm that eng2� expression was required for proper
ascospore dispersal, the eng2� open reading frame was placed
under the control of the nmt1� thiamine-repressible promoter
at its chromosomal locus. The HA epitope was also introduced
at the N terminus in order to monitor protein levels. Subse-
quently, we created a heterozygous diploid strain carrying the
Pnmt1-eng2 allele and the eng2� allele (Pnmt1-eng2/eng2�) and
transferred the cells to sporulation medium. As controls for the
experiment, we used a heterozygous wild type (eng2�/eng2�)
and the eng2/eng2 mutant. Haploid strains were grown on YES
medium to repress the expression of the Pnmt1-eng2 allele and
then spotted on EMM-N plates, with or without thiamine, to
allow mating and sporulation. Eng2 protein levels were ana-
lyzed after 24 h to confirm that no protein was produced under
repressing conditions (Fig. 4A). The sporulation efficiencies of
the three strains were similar in both media (data not shown).
When free spores were analyzed over time, we found that the
wild-type strain released similar numbers of spores under both
repressing and inducing media (Fig. 4B and C). In the presence
of thiamine (promoter off), the Pnmt1-eng2/eng2� strain pro-
duced asci with four ascospores that remained encapsulated by
the ascus wall, like the eng2�/eng2� diploids. In contrast, under
inducing conditions, most Pnmt1-eng2/eng2� ascus walls lysed to
release free ascospores to a degree comparable to that of the
heterozygous wild type (Fig. 4B and C). Together, these ex-
periments indicate that Eng2 is also involved in endolysis of the
ascus wall, like the �-1,3-glucanase Agn2.

Eng2 enzymatic activity is necessary for spore release. GH81
proteins share a conserved region of around 650 amino acids in
which the catalytic domain is included (25). Within this do-
main, two perfectly conserved Glu residues (E550 or E554)
have been proposed as putative nucleophiles of the active site
of the Aspergillus fumigatus Engl1 endoglucanase, while the

proton donor would be D475 (31). These conserved residues
are also required for the activity of S. cerevisiae Eng2 and
soybean glucan-binding elicitor protein, since point mutations
abolish catalytic activity without affecting protein levels (10,
25). To test whether hydrolysis of the ascus wall requires the
enzymatic activity of Eng2, a point mutant in which one of the
conserved Glu residues had been replaced by Ala was con-
structed [eng2(E537A) allele] (Fig. 5A). The plasmid was in-
troduced into an eng2� mutant, and the resulting strain was

FIG. 3. Eng2 participates in ascus wall hydrolysis following sporu-
lation. (A) Microscopic appearance of sporulated cultures obtained
from crosses between wild-type haploid (OL176/OL177), eng2�/eng2�
(OL176/OL773), eng2�/eng2� (OL759/OL773), and agn2�/agn2�
(OL763/OL777) strains. Cultures were incubated for 96 h before the
images were taken. (B) Quantification of ascospore release from
the asci indicated in sporulated cultures from the same crosses. At the
indicated time intervals, the percentages of free ascospores were de-
termined by light microscopy. At least 150 cells were counted for each
time point.
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crossed with an eng2� mutant of the opposite mating type.
When the efficiency of spore release was analyzed, we found
that it was almost identical to that of the eng2�/eng2� mutant
(around 5% free spores after 96 h) (Fig. 5B), while eng2�/
eng2� mutants carrying a plasmid with the wild-type eng2�

gene were similar to the wild-type control strain in this respect
(�70% free spores). Thus, the endo-�-1,3-glucanase activity of
Eng2 is essential for efficient spore release.

Eng2 is directly involved in endolysis of the ascus wall. To
corroborate the cellular function of Eng2, eng2�/eng2� diploid
cells were induced to sporulate. When they had completely
developed and matured, they were incubated with purified
Eng2 from S. pombe and the percentage of ascospores released
was determined by microscopic inspection (Fig. 6). As controls,
we used purified S. cerevisiae Eng2 and an agn2�/agn2� dip-
loid. The results indicated that the S. pombe Eng2 was able to
complement the defect of the eng2�/eng2� mutant and hydro-
lyze the remnants of the ascus walls to release free ascospores,
but Eng2 failed to complement the defect of the agn2�/agn2�
mutant. Interestingly, S. cerevisiae Eng2 was largely deficient in
complementing the defect of the eng2�/eng2� mutant, releas-
ing hardly any ascospores. This failure to complement the
phenotype of eng2�/eng2� mutants was not due to the absence
of enzymatic activity, since both proteins were seen to have
similar glucanase activities when laminarin was used as a sub-
strate (58 mU/mg for S. pombe Eng2 versus 66 mU/mg for S.

cerevisiae Eng2). This demonstrates directly that Eng2 is able
to restore the endolysis defect of the eng2�/eng2� mutant,
presumably by hydrolyzing the �-1,3-glucan present in the as-
cus wall. Furthermore, it demonstrates that the S. pombe and
S. cerevisiae proteins have different specificities for their sub-
strates in vivo.

Eng2 localizes to the epiplasm. The �-glucanase Agn2 lacks
a signal sequence for entry into the secretory pathway, and
Agn2 localizes to the cytoplasm of the ascus, the epiplasm (6).
Since Eng2 also lacks a conventional signal for secretion, it is
possible that it might have a similar cytoplasmic localization.
To test this, we used the Eng2-GFP construct to monitor Eng2
localization along the sporulation process. Microscopic obser-
vation of sporulating cells revealed that Eng2-GFP localized to
the epiplasm when the spores had already matured (Fig. 7A),
in a pattern similar to that of Agn2-GFP. However, some
differences were observed during the early stages of spore
development. While Agn2-GFP was not observed in sporulat-
ing cells in which the spores had not formed, Eng2-GFP ap-
peared concentrated as two intense dots (one in each cell).
This difference could be due to the fact that Eng2 is also
present in vegetative cells, where it localizes as a dot in the
cells. However, the significance of this dot and its function are
currently unknown.

We also found that a faint signal for Agn2-GFP and Eng2-
GFP could be observed at the periphery of the released spores

FIG. 4. Expression of eng2� is essential for the release of ascospores from asci. The haploid eng2� strain carrying Pnmt1-eng2 (OL958) and the
haploid strains from the opposite mating type, OL176 (WT) and OL773 (eng2�), were grown on YES medium to mid-log phase. Equal numbers
of cells were collected and spotted onto EMM-N plates with (�T) and without (�T) thiamine to induce mating and sporulation. At the indicated
times, aliquots were collected for microscopic inspection and quantification of the percentage of free spores. The crosses were eng2�/eng2� (WT),
eng2�/eng2� (eng2�), and eng2�/eng2� plus Pnmt1-eng2 (HA-eng2). (A) Western analysis of Eng2-HA after 24 of incubation in EMM-N medium.
(B) Percentages of free spores. (C) Sample images of the different strains grown in the presence and absence of thiamine.
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(Fig. 7B), raising the possibility that these two enzymes might
have a function in spore wall degradation during germination.
To test this possibility, we analyzed the spore germination and
viability of eng2�/eng2� mutants in comparison with those of
the wild-type strain. The results indicated that similar numbers
of spores were able to germinate in the two strains (�70%)
(Fig. 6C), ruling out the possibility that Eng2 is required for
spore germination.

DISCUSSION

S. pombe contains two proteins belonging to the GH81 fam-
ily encoded by the eng1� and eng2� genes. Both proteins have
been shown to have endo-glucanase activity, specifically hydro-
lyzing �-1,3-glucan chains (25), like most of the members of
this family described so far (4, 11, 12, 31). Even though they
display the same enzymatic activity, Eng1 and Eng2 function at
different moments of the life cycle of fission yeast. Thus,
whereas Eng1 is involved in the controlled dissolution of the
linear �-1,3-glucan of the primary septum during the last step
of the cell cycle, i.e., cell separation (23), in the present study,
we demonstrate that not only eng2� expression but also the
catalytic activity of Eng2 is required for endolysis of the ascus

wall, the last step in the sexual cycle. The ascus wall is the cell
wall of mating haploid cells or the cell wall of a sporulating
diploid cell and is therefore expected to have a composition
similar to that of vegetative cells, consisting mainly of �-1,3-
glucan and �-1,3-glucan (17, 21). In light of its high substrate
specificity, it is very likely that Eng2 is required for the degra-
dation of the �-1,3-glucans of the ascus wall prior to spore
release.

Interestingly, S. pombe contains another pair of hydrolytic
enzymes that appear to function at similar times of the life
cycle and have functions complementary to those of Eng1 and
Eng2. These are the �-1,3-glucanases Agn1 and Agn2, belong-
ing to the GH71 family. The �-glucanase Eng1 and the �-glu-
canase Agn1 fulfill their function during the last step of the
vegetative cell cycle, i.e., controlled dissolution of the primary
septum and the cylinder of cell wall that surrounds it, termed
the septum edging (6, 13, 23). The complementary action of
these two enzymes is necessary for the efficient degradation of
the linear �-1,3-glucan of the primary septum and the �- and
�-glucans of septum edging, allowing the two daughter cells to
become two independent entities. The two genes, eng1� and
agn1�, show a periodic pattern of expression during the cell

FIG. 5. Eng2 catalytic activity is required for ascus endolysis.
(A) Schematic representation of Eng2. The gray rectangle indicates
the common region present in GH81 proteins that contains the puta-
tive catalytic domain of the protein (black rectangle). The white circle
marks the position of the two perfectly conserved Glu residues, which
have been proposed to act as putative nucleophiles (asterisks). E537
was mutated to Ala. (B) Quantification of ascospore release from the
asci in sporulated cultures. At the indicated time intervals, the per-
centages of free ascospores were determined by light microscopy. At
least 150 cells were counted for each time point. The crosses were
OL176/OL177 (WT), OL759/OL773 (eng2�), OL759/OL773 carrying
pJED12 (eng2�/peng2�), and OL759/OL773 carrying pJED13 [eng2�/
peng2(E537A)].

FIG. 6. Exogenous addition of purified Eng2 results in ascospore
release. eng2�/eng2� (OL759/OL773) or agn2�/agn2� (OL763/
OL777) diploid cells were allowed to sporulate for 7 days. After spore
formation, the asci were incubated for 60 min at 37°C with buffer or
0.05 units of purified S. pombe Eng2 (SpEng2) or S. cerevisiae Eng2
(ScEng2). The percentage of ascospores released in each culture was
examined by light microscopy. At least 100 cells were counted. WT,
wild type.
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cycle, with a peak at the end of mitosis, and their transcription
is controlled by the transcription factor Ace2 (1, 5, 32). Both
Eng1 and Agn1 contain a signal sequence for entry into the
secretory pathway, and they are transported to the septum
region, where they initially localize as a ring that surrounds the
septum in a process that is dependent on septins and the
exocyst (1, 23, 26).

Similarly, the �-glucanase Eng2 and the �-glucanase Agn2
form another pair of complementary enzymes with some
shared characteristics, and they function during the final step
of the S. pombe sexual cycle. The expression of eng2� and
agn2�, belonging to the middle group of genes, is highly up-
regulated during the sporulation process, and their products
are mainly involved in spore morphogenesis (27). Additionally,
Eng2 lacks a signal peptide for entry into the secretory pathway
and therefore localizes intracellularly to the cytosol of the
diploid cell, as has been described for Agn2 (6). Since the ascus
wall corresponds to the cell wall of the diploid cell or to the cell
wall of conjugating haploids, this wall is expected to have a
composition similar to that of the vegetative cell wall. The fact
that the deletion of either of these enzymes produces a similar
defect in spore release suggests that both �-1,3-glucan and
�-1,3-glucan must be hydrolyzed for ascospores to be released
efficiently, and this is achieved by the concerted action of Agn2
and Eng2. Both of these enzymes localize to the cytosol of the
cell, but they exert their function at the extracellular side of the
plasma membrane of the ascus. Since the synthesis of the spore

wall requires a modification in the vesicular traffic to target the
secretion of the components of the biosynthesis machinery to
the forespore membrane, the absence of a secretory signal
sequence might be essential for Eng2 and Agn2 to localize
correctly and fulfill their cellular function. When the spore cell
wall is synthesized, the inner layer of the forespore membrane
becomes the spore plasma membrane, whereas the outer layer
autolyzes. It is possible that a similar degradation occurs with
the plasma membrane of the ascus, allowing Eng2 and Agn2 to
access their substrates, as has been previously proposed (7).
Interestingly, the genomes of other yeasts, such as S. cerevisiae
and Candida albicans, contain a pair of endo-�-1,3-glucanases,
one of which lacks a signal peptide (4, 9). Whether the cyto-
plasmic �-glucanase plays a role during other moments of the
life cycle remains to be investigated.

Another interesting issue is the differences in the in vivo
substrate specificities of the GH81 proteins. We have shown
that purified Eng2 from S. pombe fully complements the defect
of an eng2�/eng2� mutant, while S. cerevisiae Eng2 is largely
deficient in this process. Although the two proteins are found
to have similar enzymatic activities when assayed in vitro, the
present results could be an indication that they have different
substrate specificities in vivo and that the �-1,3-glucans of the
S. pombe spore wall are inefficiently recognized and cleaved by
S. cerevisiae Eng2. Alternatively, this difference could reflect
the differences between the biological properties of S. cerevi-
siae and S. pombe, since asci are not autolyzed before spore

FIG. 7. Eng2 localizes to the cytoplasm of the ascus. (A) Haploid Eng2-GFP (OL952) or Agn2-GFP (OL954) cells were allowed to mate on
sporulation plates with cells from the opposite mating type carrying the same tagged proteins (strain OL953 or OL955, respectively), and the
resulting zygotic asci were examined using fluorescence microscopy. Bar, 10 �m. (B) Details of free spores. (C) Germination of spores from the
wild-type (WT) and eng2�/eng2� crosses. DIC, differential interface contrast.
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germination in budding yeast. Additionally, the two S. pombe
proteins of this family, Eng1 and Eng2, also seem to have
different in vivo substrates. In vitro, both proteins are able to
degrade �-1,3-glucans (25). However, in vivo, their substrates
must be different, since Eng1 acts specifically on the primary
septum, which is rich in linear chains of �-1,3-glucan (18),
while Eng2 should act on the �-1,3-glucans of the cell wall.
These differences could be due to the fact that at the C termi-
nus, Eng1 contains three repeats of a sequence acting as a
carbohydrate-binding domain that are necessary for its correct
localization to the septum region and that might provide strong
specificity for the linear �-glucan chains whereas Eng2 lacks
this region (24).
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Fontaine, F. del Rey, J. P. Latgé, and C. R. Vázquez de Aldana. 2008. The
Schizosaccharomyces pombe endo-1,3-�-glucanase Eng1 contains a novel
carbohydrate binding module required for septum localization. Mol. Micro-
biol. 69:188–200.

25. Martín-Cuadrado, A. B., T. Fontaine, P. F. Esteban, J. Encinar del Dedo, M.
de Medina-Redondo, F. del Rey, J. P. Latgé, and C. R. Vázquez de Aldana.
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