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Francisco del Rey,1 and Carlos Vázquez de Aldana1*

Instituto de Microbiología Bioquímica, Departamento de Microbiología y Genética, CSIC/Universidad de Salamanca, Campus Miguel de
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In yeast, enzymes with �-glucanase activity are thought to be necessary in morphogenetic events that require
controlled hydrolysis of the cell wall. Comparison of the sequence of the Saccharomyces cerevisiae exo-�(1,3)-
glucanase Exg1 with the Schizosaccharomyces pombe genome allowed the identification of three genes that were
named exg1� (locus SPBC1105.05), exg2� (SPAC12B10.11), and exg3� (SPBC2D10.05). The three proteins
have different localizations: Exg1 is secreted to the periplasmic space, Exg2 is a membrane protein, and Exg3
is a cytoplasmic protein. Characterization of the biochemical activity of the proteins indicated that Exg1 and
Exg3 are active only against �(1,6)-glucans while no activity was detected for Exg2. Interestingly, Exg1 cleaves
the glucans with an endohydrolytic mode of action. exg1� showed periodic expression during the cell cycle, with
a maximum coinciding with the septation process, and its expression was dependent on the transcription factor
Sep1. The Exg1 protein localizes to the septum region in a pattern that was different from that of the
endo-�(1,3)-glucanase Eng1. Overexpression of Exg2 resulted in an increase in cell wall material at the poles
and in the septum, but the putative catalytic activity of the protein was not required for this effect.

Schizosaccharomyces pombe cells, like other yeasts, are sur-
rounded by a rigid cell wall that provides mechanical strength
and protection from environmental stresses. The cell wall de-
termines cellular morphology during the different stages of the
life cycle, and it is continuously remodeled during the cell cycle
to allow cellular growth. Extracellular cues that trigger shape
changes, such as nutrient deprivation or exposure to mating
factors, also result in cell wall remodeling. During vegetative
growth, S. pombe cells are rod shaped and grow by tip elonga-
tion, first at the old end and then at both ends. Subsequently,
cell wall deposition occurs during septation, and the two new
ends are thus sealed off (39).

The S. pombe cell wall is composed of mannoproteins, �-glu-
can and �-glucan (7, 32). Recent studies have shown that S.
pombe cell walls also contain up to 15% of a branched �(1,3)-
�(1,6)-glucan, which has been termed diglucan (31). �(1,3)-
Glucan is a major structural component of the fungal cell wall,
and it forms a fibrillary network that is thought to be respon-
sible for the mechanical strength of the cell wall. These com-
ponents are assembled in different layers that can be visualized
by electron microscopy (26, 45). There is an outer layer en-
riched in glycoproteins and an inner layer of carbohydrates. In
situ localization studies have indicated that �(1,6)-branched

�(1,3)-glucan is localized all over the cell wall and throughout
the septum; �(1,6)-glucan appears in the same layer and in the
secondary septum, whereas linear �(1,3)-glucan is present only
at the primary septum (23).

Synthesis of the cell wall is a complex process that requires
the participation of different enzymes, some of which have
been identified. The biosynthesis of �(1,3)-glucan is carried
out by the �(1,3)-glucan synthase complex, whose catalytic
subunit in S. pombe is encoded by the bgs genes. S. pombe
contains four proteins of this family; Cps1/Bgs1, Bgs3, and
Bgs4 are essential for cell viability during vegetative growth
(14, 15, 29, 33), while Bgs2 performs an essential role during
spore wall formation (27, 34). In yeast and filamentous fungi,
the �(1,3)-glucan chains synthesized by the glucan synthase
complex are extruded to the periplasmic space in a vectorial
process (6). It has been postulated that the nascent �(1,3)-
glucan chains should be cross-linked to other components of
the cell wall by the action of glycoside hydrolases (GH) and
transglycosidases. However, in vivo evidence of such a mech-
anism has been shown only for the Saccharomyces cerevisiae
Crh1 and Crh2 proteins, which are involved in the cross-linking
of �(1,3)-glucan to chitin (8, 9). Other proteins involved in cell
wall assembly are the �(1,3)-glucanosyl-transferases of glyco-
side hydrolase family 72 (GH72), which in vitro are able to
elongate �(1,3)-glucan oligosaccharides (42, 47). Four genes
encoding proteins of this family (gas1�, gas2�, gas4�, and
gas5�) are present in the S. pombe genome, performing spe-
cific functions at different moments of the life cycle (21).

Other proteins that may be involved in the modification of
the cell wall �(1,3)-glucans are the exo-�(1,3)-glucanases from
the GH5 family. Three proteins of this family have been char-
acterized in S. cerevisiae. Exg1 of S. cerevisiae (ScExg1) is a
polypeptide whose differential glycosylation accounts for the
two main extracellular exo-�(1,3)-glucanases detected in cul-
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ture supernatants, while Exg2 is a highly glycosylated minor
exo-�(1,3)-glucanase with a C-terminal glycosylphosphatidyl-
inositol (GPI) anchor site (12, 13, 43, 57). The third protein,
Ssg1/Spr1, is a sporulation-specific glucanase (52). These en-
zymes are exo-�(1,3)-glucanases, but they also usually act on
�(1,6)-linkages, although with less efficiency. It has been pro-
posed that within the cell wall, these proteins would catalyze a
transglycosylation rather than a hydrolytic reaction since trans-
ferase activity has also been demonstrated for the S. cerevisiae
and Candida albicans Exg1 proteins (54, 55). Here, we report
the characterization of the three GH5 family proteins present
in S. pombe, which were named Exg1, Exg2, and Exg3. They
were present in different compartments: the cell wall, mem-
brane, and cytoplasm, respectively. Two of the proteins were
active against �(1,6)-glucans but not against �(1,3)-glucans.
Unexpectedly, enzymatic assays with purified Exg1 indicated
that the protein has an endohydrolytic mode of action.

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 (yeast
extract with supplements) medium or Edinburgh minimal medium (EMM) with
appropriate supplements (41). For overexpression experiments using the nmt1�

promoter, cells were grown in EMM containing 20 �g/ml thiamine up to loga-
rithmic phase. Then, the cells were harvested, washed five times with EMM, and
inoculated in fresh medium (with or without thiamine) at an optical density at
595 nm (OD595) of 0.05 to 0.1. Synchronization of strains carrying the thermo-
sensitive cdc25-22 mutation was achieved by growing the cells at the permissive
temperature (25°C) to early log phase (OD595 of 0.5) and then shifting the
cultures to 37°C for 4 h. Cells were released from arrest by transfer to 25°C, and
samples were taken every 20 min.

Plasmids and DNA manipulations. The oligonucleotides used for different
DNA manipulations are shown in Table 2. Construction of plasmid pED138

carrying the exg1� coding sequence under the control of the nmt1� promoter was
achieved by PCR amplification of the coding sequence using oligonucleotides
424 and 425B (which introduced XhoI and BamHI sites) and cloning of the
resulting fragment between the XhoI and BamHI sites of plasmid pJCR-3XL
(40). A similar approach was used to construct plasmids pML2 (pJCR-3XL
carrying exg2�) and pED139 (pJCR-3XL carrying exg3�) by using oligonucleo-
tide pairs 426-427B and 428-429B, respectively.

To construct the plasmids carrying the different mutated versions of exg2�,
first the exg2� coding sequence and flanking regions were amplified with oligo-
nucleotides 305 and 306. Chromosomal HindIII and SacI sites were used to clone
the gene with its promoter and terminator (from �473 to �278) at the same sites
of vector pUC19, generating plasmid pEX22. Then, an NdeI site was introduced
before the stop codon by recombinant PCR using oligonucleotides 643, 644, 645,
and 646, yielding plasmid pED162. The NdeI site was used to clone the c-myc
epitope obtained from plasmid pGEMMH (16), producing plasmid pED168�.
Finally, a SalI-SacI fragment containing the exg2-myc region was cloned in
plasmid pML2, generating plasmid pED172. The different mutations were gen-
erated by amplifying specific DNA fragments carrying the desired mutations by
recombinant PCR and cloning the fragments in plasmid pED168� or pED172.
Thus, the following constructs were generated with the indicated oligonucleo-
tides: exg2-A1-myc (where exg2 harbors the mutation E338A, designated A1)
with oligonucleotides 646, 653, 654, and 655; exg2-A2-myc (where exg2 harbors
the mutation E349Q, designated A2) with oligonucleotides 646, 655, 640, and
641; exg2-�N-myc (where is exg2-�N is a mutant lacking the cytoplasmic tail) with
oligonucleotides 647, 648, 649, and 650; exg2-�TM-myc (where exg2-�TM is an
exg2 mutant lacking the transmembrane [TM] domain) with oligonucleotides
647, 650, 651, and 652; exg2-�out-myc (where exg2-�out lacks the spacer domain
that separates the transmembrane and catalytic domains) with oligonucleotides
647, 657, 658, and 650; and exg2-�GH5-myc (where exg2-�GH5 lacks the cata-
lytic domain) with oligonucleotides 1010 and 1011. The amplified fragments
carrying the exg2-A1, exg2-A2 and exg2-�GH5 mutations were first cloned in
plasmid pED168�, and then the complete exg2 coding sequence fused to c-myc
was cloned in plasmid pML2 using SalI-SacI sites, generating plasmids pED188
(exg2-A1-myc), pED193 (exg2-A2-myc), pED195 (exg2-A1A2-myc, where exg2
harbors both the A1 and A2 mutations), and pED215 (exg2-�GH5-myc). For
exg2-�out, exg2-�N and exg2-�TM, the amplified fragments carrying the muta-
tions were cloned in plasmid pED172 using different restriction sites, yielding
plasmids pED177 (exg2-�out-myc), pED178 (exg2-�N-myc), and pED179 (exg2-
�TM-myc). In all cases, the presence of the desired mutations was confirmed by
sequencing the amplified fragments.

TABLE 1. Yeast strains used in this study

Strain Genotypea Source or
reference

h20 h� leu1-32 Lab stock
h123 h� ura4-�18 Lab stock
PPG148 h� ura4-�18 cdc25-22 Lab stock
LE1 h� leu1-32 exg1::kanMX4 This work
LE2 h� ura4-�18 exg1::kanMX4 This work
LE3 h� leu1-32 exg2::kanMX4 This work
LE4 h� ura4-�18 exg2::kanMX4 This work
LE5 h� leu1-32 exg3::kanMX4 This work
LE 6 h� ura4-�18 exg3::kanMX4 This work
LE 14 h� ura4-�18 exg1-HA::kanMX4 This work
LE 15 h� ura4-�18 exg2-HA::kanMX4 This work
LE 16 h� ura4-�18 exg3-HA::kanMX4 This work
LE19 h� leu1-32 exg1-GFP::kanMX4 This work
LE20 h� ura4-�18 exg1-GFP::kanMX4 This work
LE21 h� leu1-32 exg1-GFP::kanMX4 This work
LE22 h� ura4-�18 exg1-GFP::kanMX4 This work
LE23 h� leu1-32 exg3-GFP::kanMX4 This work
LE24 h� ura4-�18 exg3-GFP::kanMX4 This work
LE48 h? ura4-�18 exg1::kanMX exg2::kanMX4 This work
LE50 h� exg1::kanMX4 exg3::ura4� This work
LE52 h� exg2::kanMX4 exg3::ura4� This work
LE54 h? exg1::kanMX4 exg2::kanMX4 exg3::ura4� This work
YAB79 h� eng1::kanMX4 exg1::ura4� This work
YAB156 h? exg1-GFP::kanMX4 eng1-RFP::kanMX4

ura4-�18 ade6-M210 leu1-32
This work

LE25 h� ura4-�18 ace2::kanMX4 ura4� 35
A131 h� sep1::ura4 ura4-�18 leu 1-32 M. Sipizcki

a h?, uncertain mating type.

TABLE 2. Oligonucleotides used in this study

Name Sequence

305 AAAGGATCCGCTGCACCATCCTCCTTCC
306 TAACTCGAGATCGATTTATATGTCCCTTCAA
424 TAACTCGAGATTAAAATGCTCTCTTTTACATCGG
425B TAAGGATCCACCTGTGGCTGAGTGAAAACCTA
426 TAACTCGAGTAAAATATGAGCAATCTTTTAGAA
427B TAAGGATCCATCGATTTATATGTCCCTTCAA
428 TAAGTCGACATTACGATGGGATTGAATAAACAA
429B TAAGGATCCTAACGTCAATAAATACTACTCCTT
640 ACGATTATAGGACAGTGGAGCCTTGCGGAT
641 CGCAAGGCTCCACTGTCCTATAATCGTCGG
643 AATGCCACTCAATGGAGTTAC
644 TAATTACCATCACATATGAAATTCAGATTG
645 CCATCTGAATTTCATATGTGATGGTAATTA
646 CCTTCGGATTCGTCAGCGTGT
647 CTAACGTCACAATGATGGATCGG
648 AAGAGCCTTCTTGTCTAAAAGATTGCTCAT
649 ATGAGCAATCTTTTAGACAAGAAGGCTCTT
650 GGTTCCATTGAAAGCCATCCACC
651 AGCGTGAGGAATAATGATAGTAATAAGAAG
652 CTTCTTATTACTATCATTATTCCTCACGCT
653 ATGTCTCGGGTATTGGGTGG
654 GAAGAAATTTGGTGCGTTAAGTGCACCGTA
655 GGTGCACTTAACGCACCAAATTTCTTCGTT
657 CTCGTTCAAAGGAGGAGCGTGAGGAATAAT
658 ATTATTCCTCACGCTCCTCCTTTGAACGAG
1010 GTACGGTCGACTTCCCCATATGGGTAGCAGCCACC
1011 TCTACGAGCTCAATGATGGAATCATTTTACAAAG
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To construct plasmid pED173, carrying exg2-green fluorescent protein (GFP)
under the control of the nmt1� promoter (41X), the NdeI site of plasmid
pED162 was used to clone the GFP coding sequence obtained from plasmid
pGEM-EGFP (16), producing plasmid pED166. The exg2� coding region ob-
tained from plasmid pML2 as a XhoI-BamHI fragment was cloned under the
control of the nmt1� promoter present in plasmid pJCR-41XU (40) to create
plasmid pED169. Then, a SalI-SacI fragment from plasmid pED166 containing
the C-terminal region of exg2� and the GFP was used to replace the same region
of plasmid pED169, generating plasmid pED173.

To construct null mutants lacking the exg1� (locus SPBC1105.05), exg2�

(SPAC12B10.11), or exg3� (SPBC2D10.05) genes, the entire coding sequences
were replaced by the ura4� or kanMX4 cassette. The deletion cassettes were
constructed using recombinant PCR. For this purpose, 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, and the resulting fragments were
then fused, by recombinant PCR, to the kanMX4 cassette, which confers resis-
tance to the G418 antibiotic (4) or to the ura4� gene. The C-terminally tagged
strains carrying exg1-HA (where HA is hemagglutinin), exg2-HA, exg3-HA, exg1-
GFP, exg2-GFP, or exg3-GFP were constructed by direct chromosome integra-
tion of PCR fragments generated using plasmid pFA6a-3HA-kanMX6 or
pFA6a-GFP-kanMX6 as a template and specific oligonucleotides (4). The am-
plified fragments contained the HA or GFP coding regions fused in frame to the
last codon of the gene and the kanMX6 cassette to select for transformants.
Correct integration of the DNA fragment was verified by PCR or Southern
blotting.

RNA isolation and Northern blot analyses. Cells (1.3 � 109) were collected at
different time intervals after release from the restrictive temperature (37°C) or
from different mutant strains, and total RNA was prepared using the method
described by Percival-Smith and Segall (46). For Northern blot analyses, 12.5 �g
of RNA was used. The DNA probes used to detect the different transcripts were
DNA fragments (400 to 500 nucleotides [nt]) obtained by PCR amplification with
specific oligonucleotides. For act1�, a 1.1-kb fragment containing the whole
coding region obtained by PCR was used.

Microscopy techniques. For light microscopy, cells were fixed in 3.7% form-
aldehyde and stained with aniline blue or calcofluor white. Samples were viewed
using a Leica DMRXA microscope equipped for Nomarski optics and epifluo-
rescence and photographed with a Photometrics Sensys charge-coupled-device
(CCD) camera. For transmission electron microscopy (TEM), cells were stained
with potassium permanganate and examined on a Zeiss EM 902 transmission
electron microscope.

Immunoblotting and protein methods. Total cell extracts of S. pombe were
prepared by breaking the cells with glass beads in radioimmunoprecipitation
assay (RIPA) buffer (10 mM sodium phosphate, pH 7, 1% Triton X-100, 0.1%
SDS, 2 mM EDTA, 150 mM NaCl). Cell extracts were centrifuged at 10,000 �
g for 10 min to separate a pellet from the supernatant. Culture supernatants were
concentrated 10 times using Amicon units. The conditions used to examine
whether Exg2 is a membrane protein have been described previously (28). The
lysates were spun at maximal speed in a microcentrifuge for 30 min at 4°C.
Supernatants were recovered, and the pellets were resuspended in SDS-PAGE
loading buffer. For immunoblotting, 50 �g of protein extract was resolved by
SDS-PAGE on 8% gels. Protein transfer, blotting, and enhanced chemilumines-
cence (ECL) detection were performed using standard procedures. Mouse
monoclonal anti-myc antibodies (clone 9E10; Roche) were used.

Expression in Pichia pastoris. To purify Exg1, the catalytic domain lacking the
signal sequence (amino acids 28 to 407) was cloned into the EcoRI-XbaI sites of
plasmid pPICZ�A (Invitrogen). The resulting plasmid (pED204), containing the
exg1 gene under the control of the AOX1 promoter, and a C-terminal fusion to
the c-myc epitope and His6 was introduced into strain KM71H (arg4
aox1::ARG4). Production of the fusion protein was accomplished according to
the protocol described by the supplier (Invitrogen). Exg1-His6 was purified using
His-Trap columns (Amersham Pharmacia).

Assay for �-glucanase activity. �-Glucanase activity was assayed as previously
described (5). The substrates used to test activity were laminarin [�(1,3)-glucan],
pustulan [�(1,6)-glucan], scleroglucan [�(1,3)-glucan with one �(1,6)-glucose
side chain every three residues], or lichenan [mixed linkage �(1,3)-�(1,4) glucan].
Determination of the reducing sugars released in the reactions was performed by
the methods of Somogyi (53) and Nelson (44). 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 hour, and specific activity was expressed as
units per milligram of protein. For activity against p-nitrophenyl-�-D-galactopy-
ranoside (pNPG), the amount of p-nitrophenol released was determined by
measuring optical density at 420 nm. One unit of enzyme catalyzed the release of
1 �mol of p-nitrophenol per h under the reaction conditions used. The degree of

polymerization (DP) of oligosaccharides released from laminarin or pustulan by
Exg1 was determined by high-performance anion-exchange (HPAE) chromatog-
raphy using a pulsed electrochemical detector (PED) and an anion-exchange
column (Carbo-PAC PA1; 4.6 mm by 250 mm; Dionex) under the following
conditions: flow rate of 1 ml/min; buffer A, 50 mM NaOH; buffer B, 500 mM
sodium acetate in 50 mM NaOH; gradient, 0 to 2 min with 98% buffer A and 2%
buffer B (isocratic); 2 to 15 min with 75% buffer A and 25% buffer B (linear); 15
to 45 min with 60% buffer A and 40% buffer B (linear).

Labeling and fractionation of cell wall polysaccharides. Labeling and frac-
tionation of cell wall polysaccharides were performed as described previously (3).
Cultures of S. pombe cells that had been incubated in the presence or absence of
thiamine for 18 h were diluted in medium supplemented with D-[U-14C]glucose
(3 �Ci/ml) and incubated for 4 additional hours. Total glucose incorporation was
monitored by measuring radioactivity in trichloroacetic acid-insoluble material.
Cells were harvested and broken with glass beads. Cell walls were purified by
repeated washing and differential centrifugation (once with 1 mM EDTA, twice
with 2 M NaCl, and twice with 1 mM EDTA) at 1,000 � g for 5 min. Finally, they
were heated at 100°C for 5 min. Aliquots of the cell walls were incubated with 100
�g of Zymolyase 100T (Seikagaku Kogyo Co.) in 50 mM citrate-phosphate buffer
(pH 5.6) or with 100 U of Quantazyme (Qbio) in 50 mM Tris, pH 7.5, for 36 h
at 30°C. After incubation, samples were centrifuged and washed with the same
buffer. One milliliter of 10% trichloroacetic acid was added to the pellets, and
their radioactivity levels were measured. The supernatants from the Zymolyase
100T reaction were considered �-glucan plus galactomannan, and the pellet was
considered �-glucan. The supernatants from the Quantazyme reactions were
considered �(1,3)-glucan, and the pellet was considered �-glucan plus galacto-
mannan. All determinations were carried out in duplicate.

RESULTS

S. pombe contains three proteins belonging to glycoside hy-
drolase family 5. Family 5 glycoside hydrolases (GH5) com-
prise a group of enzymes that cleave different glucan poly-
mers [�(1,3)- and �(1,6)-glucans, cellulose, lichenan, or
xylan] that are widespread in fungi and bacteria. S. cerevisiae
contains four different polypeptides belonging to this family
(Exg1, Exg2, Ssg1, and YBR056w). Comparison of the
ScExg1 sequence with the S. pombe genome database re-
vealed the presence of three proteins belonging to this fam-
ily, exg1� (locus SPBC1105.05), exg2� (SPAC12B10.11), and
exg3� (SPBC2D10.05). The S. pombe Exg1, Exg2, and Exg3
proteins show 40.5%, 25%, and 21% overall identity to
ScExg1, respectively.

exg1� expression peaks during the septation process. North-
ern blot analysis in asynchronous cultures indicated that the
three open reading frames (ORFs) were expressed during the
vegetative cycle (data not shown). When RNAs obtained from
a synchronized cdc25-22 mutant strain were analyzed, a peri-
odic cell cycle variation was found for exg1� (Fig. 1A), with the
maximum accumulation of mRNA occurring during the septa-
tion process, suggesting that the product of this gene might
exert its function during the last stages of the cell cycle, namely,
septum assembly or cell separation. No significant variations
that correlated with cell cycle progression were observed for
the other two genes, exg2� and exg3�. These results are in good
agreement with the results obtained in a large-scale analysis
(50). To study whether the periodic expression of exg1� was
dependent on the transcription factors Ace2 or Sep1, Northern
analyses were performed to compare the expression in wild-
type, ace2�, and sep1� mutants (2, 50, 58). The results re-
vealed that the expression of exg1� was clearly reduced in the
sep1� mutant (Fig. 1B), suggesting that this transcription fac-
tor is required for its expression. As expected for genes that do
not show fluctuations during the cell cycle, no significant dif-
ferences were seen in the expression of exg2� and exg3�.
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The three �-glucanases have different cellular fates. Anal-
ysis of the sequence of the three Exg proteins revealed the
presence of different features in addition to the GH5 domain.
Thus, Exg1 contained an N-terminal signal peptide for secre-
tion, with the likely cleavage site between positions 22 and 23
(AFS-YV). In contrast, Exg2 contained a predicted transmem-
brane region (amino acids 39 to 60), while Exg3 did not contain
any sequence for extracellular localization (Fig. 2A). These
observations suggested that the three proteins might have dif-
ferent cellular localizations: the cell wall, the plasma mem-
brane, and the cytoplasm, respectively. To test these predic-
tions, they were tagged with the HA epitope at their C termini,
and the distribution of the proteins in culture supernatants, the
membrane/cell wall fraction, and the cytoplasm was analyzed.
The results confirmed that only Exg1 was present in culture
supernatants, indicating that the protein was secreted to the
exterior of the cell and then released to the surrounding me-
dium (Fig. 2B). In contrast, Exg3 was found mainly in the
cytoplasm (supernatant) of the cell extracts, with a minor frac-

tion in the pellet. Although Exg2 was difficult to detect, it was
present mainly in the pellet fraction. To analyze the localiza-
tion of Exg2 with more detail, the gene was placed under the
control of the nmt1 promoter and tagged with the c-myc
epitope. Overexpression of the gene confirmed that Exg2 was
present in the membrane/cell wall fraction (Fig. 2B, Exg2 hc).
Thus, these results confirm the predictions of the sequence
analysis and indicate that Exg1 is a secreted protein, Exg2 is a
possible membrane-associated protein, and Exg3 is a cytoplas-
mic protein.

To ascertain whether Exg2 was indeed an integral mem-
brane protein, protein extracts were prepared under different
conditions. Cells were extracted with buffer alone, buffer con-
taining 0.6 M NaCl or 1.6 M urea (to solubilize peripheral
membrane proteins), 0.1 M Na2CO3 (to solubilize intracellular
vesicles), 4% Triton X-100 (a nonionic detergent that solubi-
lizes most membrane proteins), or 2% SDS (an ionic detergent
that solubilizes all membrane proteins), and extracts were sep-
arated into the pellet and supernatant fractions. With the ex-
ception of SDS treatment, Exg2 was found to be insoluble
under all conditions tested and was detected in the pellet

FIG. 1. Transcription pattern of exg genes. (A) Expression during
the cell cycle. Synchrony was induced by arrest-release of a cdc25-22
mutant, and samples were taken at the indicated time points after the
release for RNA extraction. RNA was hybridized with specific probes
for exg1�, exg2�, exg3�, or act1�. The graph represents the anaphase
index or septation index at each time point. In this experiment, the
peak of septum formation occurred at 70 to 90 min. (B) Dependence
on the Ace2 and Sep1 transcription factors. RNA from wild-type,
ace2�, and sep1� mutants was extracted, transferred to nitrocellulose
membranes, and probed with a specific probes for exg1�, exg2�, or
exg3� or his3� as a control.

FIG. 2. Cellular fractionation of the Exg proteins. (A) Schematic
representation of the characteristics of the Exg1, Exg2, and Exg3
proteins. The GH5 domain, common to the three proteins, is indi-
cated. The black box represents a hydrophobic region with the char-
acteristics of the signal secretion peptides, and the hatched box
represents a putative transmembrane domain. (B) Cells expressing
Exg1-HA, Exg2-HA, or Exg3-HA were grown in minimal medium to
late log phase (OD595 of 1.5). Those carrying Exg2-myc under the
control of the nmt1 promoter (Exg2 hc) were grown in the absence of
thiamine for 22 h. Cells were collected by centrifugation and broken
with glass beads. Extracts were centrifuged at 10,000 rpm for 10 min to
separate the cell wall and membranes (pellet [P]) from the cytoplasmic
content (supernatant [Sn]). Concentrated culture medium (M) was also
loaded in the gels. Proteins were fractionated using SDS-PAGE gels and
immunoblotted using antibodies against the HA or c-myc epitopes.
(C) Cells carrying Exg2-myc under the control of the P3Xnmt1 promoter
were extracted after lysis in buffer containing 0.6 M NaCl, 0.1 M Na2CO3,
1.6 M urea, 4% Triton X-100, and 2% SDS. Soluble and insoluble pro-
teins were separated by centrifugation at 13 000 � g for 30 min, as
indicated by supernatant (S) and pellet (P), respectively.
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fraction (Fig. 2C). Thus, Exg2 is a novel integral membrane
protein that is solubilized only by strong ionic detergents but
not by nonionic detergents, as has been previously described
for the Cps1/Bgs1 subunit of the �-glucan synthase (28).

Cellular localization of Exg proteins. To determine the in
vivo localization of the three Exg proteins, the GFP was in-
serted in frame before the stop codon of each gene. The
localization of the three proteins was monitored in live cells,
but the fluorescence from only Exg1-GFP and Exg3-GFP was
detectable. In good agreement with the peak of transcription
during cytokinesis observed for exg1�, the protein was found
mainly at the center of the cells by the time the septum was
starting to be visible by differential interference contrast
(DIC). Exg1 first started to accumulate as a ring surrounding
the septa during the initial steps of their assembly (Fig. 3A,
asterisks). At later stages, when the septum was clearly visible
by DIC, Exg1 was found spanning the whole septum, and it had
disappeared by the time the cells were separating (Fig. 3A,
arrowhead). Staining of the cells with calcofluor white or ani-
line blue to visualize the dynamics of septum assembly more
clearly resulted in a loss of the GFP fluorescence.

We have previously shown that the S. pombe endo-�(1,3)-
glucanase Eng1 has a localization similar to that of Exg1 (35).
To determine whether the two hydrolases colocalized, we stud-
ied the localization of both proteins in the same cell using a
strain that simultaneously expressed Exg1-GFP and Eng1-red
fluorescent protein (RFP). Exg1-GFP was seen in the septum
before the Eng1-RFP fluorescence could be detected (Fig. 3B,
asterisks), consistent with the fact that exg1� expression is
dependent on Sep1 while that of eng1� requires Ace2. Only

when the septum was clearly apparent by DIC did Eng1-RFP
start to accumulate in the region, indicating that Eng1 secre-
tion occurs after septum assembly has been completed. Even
though Eng1 and Exg1 were present in the septum region, the
distributions were different, and there was no clear colocaliza-
tion of either protein. The fluorescence of Exg1-GFP was gen-
erally wider and less uniform than that of Eng1-RFP, suggest-
ing that Exg1 localization might not be restricted to the
primary septum but also spread to the secondary septum. This
is in contrast with the perfect colocalization found for the two
endoglucanases involved in cell separation, Eng1 and Agn1
(38).

In the case of Exg3, we found that this was a cytoplasmic
protein, consistent with the fractionation experiments, since
the fluorescence was detected as a diffuse cytoplasmic staining
excluded from the nucleus although no specific pattern or
accumulations could be seen (Fig. 3C). Exg2 could not be
visualized when the Exg2-GFP protein was expressed from its
own promoter, suggesting that the gene is transcribed at low
levels. When Exg2-GFP was mildly overexpressed using the
weak P41X-nmt1� promoter, the localization of the protein
could be determined. Exg2 was localized at the sites of cell
growth, that is, the poles of the cell and the septum (Fig. 3D,
arrowheads). Thus, these results are in good agreement with
the fractionation experiments and indicate that the three GH5
proteins have different cellular localizations.

Exg1 and Exg3 are �(1,6)-glucanases. The observed amino
acid sequence similarity between S. pombe Exg proteins was an
indication that they might also be �(1,3)-glucanases. However,
since S. pombe lacks any detectable exo-�(1,3)-glucanase ac-

FIG. 3. Localization of Exg proteins. (A) Wild-type cells expressing exg1-GFP were grown to early log phase. Photographs of differential
interference contrast microscopy (DIC) or Exg1-GFP are shown. (B) Exponentially growing wild-type cells expressing Exg1-GFP and Eng1-RFP
were imaged for DIC, RFP, and GFP fluorescence. Overlay of the red and green channels is also shown in the merged images. (C) Wild-type cells
expressing exg3-GFP were grown to early log phase, and live cells were used for microscopic observation. (D) Wild-type cells expressing exg2-GFP
under the control of the P41X-nmt1 promoter were grown in medium without thiamine for 18 h, and live cells were used for microscopic
observation. Representative cells at different stages of the cell cycle are shown.
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tivity (48), two possibilities can be envisioned. First, it is pos-
sible that the proteins might be related only in sequence but
lack any enzymatic activity. Alternatively, they might have dif-
ferent substrate specificities since it has been reported that the
S. cerevisiae and C. albicans Exg1 proteins are active against
not only �(1,3)-glucan but also �(1,6)-glucans (54, 55). To
check whether the S. pombe Exg proteins indeed contained
glucanase activity, Exg1 was purified from P. pastoris cells ex-
pressing an Exg1-His6-myc construct. The enzymatic activity of
the purified protein was assayed using laminarin [a �(1,3)
polymer], pustulan [a �(1,6) polymer], scleroglucan [a �(1,3)-
glucan with �(1,6) branches], lichenan [a mixed �(1,3)-�(1,4)-
glucan], nigeran [an insoluble �(1,3) polymer], or the synthetic
compound p-nitrophenyl-�-D-glucopyranoside (pNPG) as a
substrate. As shown in Fig. 4A, activity was detected only when
pustulan was used as a substrate, indicating that Exg1 was a
glucanase specific for �(1,6) linkages, in contrast to the S.
cerevisiae and C. albicans proteins, which are able to cleave
both �(1,3) and �(1,6) polymers. In addition, no activity was
detected against pNPG, suggesting that the mechanism of ac-
tion was not exohydrolytic.

To further confirm these results and to investigate the ki-

netics and degradation pattern of different substrates, high-
performance liquid chromatography (HPLC) was used to an-
alyze the reaction products. Soluble pustulan was used as
substrate for the assay. After 2 h of incubation, Exg1 had
released small oligosaccharides (DP of 2 to 30). The progres-
sive degradation resulted in the formation of numerous reduc-
ing �(1,6)-oligosaccharides of various size (Fig. 4B). Gento-
biose to gentohexose (Fig. 4B, G2 to G6) were the main
reaction products after 4 h of incubation. The production of
small amounts of glucose and large amounts of oligosaccha-
rides of different sizes proved that Exg1 degraded linear
�(1,6)-glucan substrates with an endolytic mode of action. No
degradation of laminari-oligosaccharides [�(1,3)-glucans] such
as laminarin, laminari-hexaose, or octaose was observed (data
not shown), confirming that �(1,3)-glucans are not a substrate
for Exg1.

Having determined that Exg1 was a �(1,6)-glucanase, we
tested whether Exg2 and Exg3 possessed similar activities. To
this end, extracts from cells overexpressing each of the three
genes under the control of the thiamine-repressible nmt1�

promoter were prepared and assayed using pustulan as a sub-
strate. The results indicated that overexpression of exg1� and

FIG. 4. Exg proteins have activity against �(1,6)-glucans. (A) �-Glucanase activity of purified Exg1 against laminarin [�(1,3)-glucan], pustulan
[�(1,6)-glucan], schleroglucan [�(1,3)-glucan with �(1,6) ramifications], lichenan [�(1,3)-(1,4)-glucan], nigeran [�(1,3)-glucan], pNPG, or S. pombe
cell wall (CW). Five micrograms of protein was incubated with the substrates for 24 h before the concentration of reducing sugars released was
assayed. Activity is shown as a percentage of the maximum activity detected for pustulan. (B) HPAE-PED chromatographic analysis of
oligosaccharides released by Exg1. The reaction was conducted in acetate buffer at 37°C using soluble pustulan as a substrate for the indicated times
(h) before the products were analyzed by HPAE-PED chromatography. G2, gentobiose, G4, gentotetraose. (C) Enzymatic activity against pustulan
[�(1,6)-glucan] of cells overexpressing exg1�, exg2�, or exg3�. Wild-type cells transformed with plasmids pED138 (carrying P3Xnmt1-exg1), pML2
(P3Xnmt1-exg2), pED139 (P3Xnmt1-exg3), or vector alone (pJCR-3XL) were grown for 22 h in the presence (white bars) or absence (black bars)
of thiamine (T) to induce the expression of the genes. Cell extracts were prepared and incubated in the presence of pustulan for different amounts
of time. Activity is presented as mU/mg. The result is the mean of two independent assays. Error bars indicate the standard deviation.
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exg3� produced a 3-fold and 6-fold increase in activity, respec-
tively, in comparison with the activity found in cells grown in
the presence of thiamine (promoter repressed) or in wild-type
cells, confirming that the two proteins are �(1,6)-glucanases
(Fig. 4C). However, no activity could be detected in cells over-
expressing exg2�.

Deletion of exg genes presents no apparent phenotype. To
determine the biological role of the three Exg proteins during
the life cycle of the fission yeast, mutant strains lacking each of
the three genes were constructed. The strains were viable, and
no growth defects were observed in different media (YES
medium or minimal medium) or at different temperatures (25
to 37°C). Growth on plates supplemented with cell wall-dis-
turbing agents, such as calcofluor white or Congo red was also
tested, and no significant differences with the wild-type strain
were detected. This could be due to a redundant function of
the three Exg proteins. However, similar results were obtained
when the triple mutant exg1� exg2� exg3� was tested, indicat-
ing that these proteins do not perform an essential role in cell
wall construction or that the cells have additional mechanisms
to compensate for the absence of Exg proteins. Since Exg1 is
expressed during the cell cycle slightly before the endo-�(1,3)-
glucanase Eng1 and since it also localizes to the septum region
during cell division, the double mutant exg1� eng1� was con-
structed to analyze whether Exg1 plays a minor role during cell
separation. The phenotype of exg1� eng1� cells was almost
indistinguishable from that of eng1� cells.

Overexpression of exg2� causes alterations in the cell wall.
The effect of overexpression of the three exg� genes was also
assessed. Strains containing the genes under the control of the
strong version of the nmt1� promoter were constructed and
grown in the absence of thiamine. Overexpression of exg1� and
exg3� produced a moderate defect in the growth of the strains,
but the microscopic appearance of the cells was similar to that
of wild-type cells (data not shown). In contrast, cells overex-
pressing exg2� had a severe growth defect, and they stopped
growing at 10 to 12 h after induction (Fig. 5A). To determine
the nature of the defect, the morphology of cells was analyzed.
By 12 h, the cells had an abnormal morphology and had be-
come rounded and irregularly shaped. Also, large amounts of
abnormal material had accumulated at the poles of the cell. In
an effort to determine the identity of the accumulated material,
cells overexpressing exg2� were stained with aniline blue, a dye
that preferentially binds to �(1,3)-glucans and is used to stain
the cell wall and septum in S. pombe (25). The material stained
well with aniline blue (Fig. 5B), indicating that it was cell wall
and that at least a portion of it was comprised of �-glucans.
The excess of cell wall accumulated specifically at the poles and
septum of the cells.

The previous observations were confirmed when the cells
were observed by electron microscopy (Fig. 6A to F). In com-
parison with the normal appearance of the wall of wild-type
cells (Fig. 6A and E), the wall of cells overexpressing exg2�

clearly contained extra material that accumulated at the poles
of the cell and the separation septum (Fig. 6B to D and F).
Interestingly, the excess material was incorporated into the cell
wall and had a similar appearance to the rest of the cell wall.

Cells overexpressing exg2� accumulate �- and �-glucans.
To identify the nature of the material that accumulated in cells
overexpressing exg2� more precisely, cell wall constituents

were isolated and characterized after growing the cells in the
presence of [U-14C]glucose. Incorporation of radioactive glu-
cose into the wall of cells grown in the presence of thiamine
was similar to that of wild-type cells, but it increased consid-
erably in the absence of thiamine (from 34 to 47% of total
glucose incorporated) (Fig. 6G). A dramatic increase in the
amount of �(1,3)- and �(1,3)-glucan was detected under con-
ditions of exg2� overexpression (Fig. 6H), but the �/�-glucan
ratios were similar in the three strains, indicating a simulta-
neous increase in both glucan polymers. Additionally, the
amount of galactomannan was not significantly affected, lead-
ing to an alteration in the ratio of glucan to galactomannan
(around two times more glucan than galactomannan). These
results suggest that strains overexpressing exg2� have lost the
ability to properly coordinate glucan polymer synthesis with
cell growth and that glucan synthases produce an excess of cell
wall material.

FIG. 5. Overexpression of exg2� produces severe defects in cell
growth. (A) Growth of wild-type (WT) strains carrying P3Xnmt1-exg2
(3X-exg2) or vector alone grown in the presence (�) or absence (�) of
thiamine (T). Cells overexpressing exg2� cease growth after 10 to 12 h
of induction. (B) Microscopic appearance of wild-type and cells over-
expressing exg2� (OE exg2�). Cells that had been growing in the
absence of thiamine for 22 h were stained with aniline blue, a fluoro-
chrome that preferentially binds �(1,3)-glucans. Photographs of DIC
microscopy or aniline blue-stained cells are shown. Bar, 5 �m.
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The N-terminal region and the catalytic domain of Exg2 are
required for cell wall accumulation. To investigate the reason
for increased cell wall accumulation in cells overexpressing
exg2�, versions of the Exg2 protein in which different domains
were deleted were constructed. When the exg2 sequence was
analyzed using topology prediction programs such as TopPred
(http://bioweb.pasteur.fr/seqanal/interfaces/toppred.html) or
TMHMM (http://www.cbs.dtu.dk/services/TMHMM-2.0/), the
N terminus was predicted to be cytoplasmic while the catalytic
domain would be extracellular. Thus, mutant proteins lacking
the putative cytoplasmic tail of the protein (Exg2-�N), the
transmembrane domain (Exg2-�TM), the spacer domain that
separates the transmembrane and catalytic domains (Exg2-
�out), or the catalytic domain (Exg2-�GH5) were generated
(Fig. 7A). One possibility for explaining these results is that an
excess of enzymatic activity could weaken the cell wall, and as
a consequence the synthesis of glucans would be induced. To
test this possibility, we also created proteins containing single
amino acid changes in the two glutamic acid residues that form
part of the catalytic center of GH5 proteins, which are also
conserved in exg2�. These mutations involved replacing E338
with Ala (E338A, yielding Exg2-A1), the replacement of E439
with Gln (E349Q, yielding Exg2-A2), and the double mutant

(E338A-E349Q, yielding Exg2-A1A2). As described for other
members of this family (11, 30), these mutations should com-
pletely eliminate the catalytic activity of the enzyme, if present.
All the constructs were cloned under the control of the strong
version of the nmt1� promoter and introduced into the wild-
type strain to test their effects.

Overexpression of Exg2-�N resulted in cells that had an
abnormal morphology (the cells were rounder than wild-type
cells) but did not exhibit a large accumulation of cell wall
material (Fig. 7B). Overexpression of Exg2-�TM resulted in
almost wild-type cells, but since the protein levels were signif-
icantly lower than those found in WT cells (Fig. 7C), the
absence of phenotype could be due to the small amount of
protein. The same reason—reduced protein levels—could ac-
count for the fact that the overexpression of Exg2-�out re-
sulted in a modest phenotype, with a minor accumulation of
glucans in the septum region. When the construct lacking the
catalytic domain (Exg2-�GH5) was overexpressed, the cells
showed a wild-type morphology, indicating that this region of
the protein is required for the activation of glucan synthesis.
However, the putative catalytic activity of the enzyme was not
required for this effect since cells carrying the double mutant
Exg2-A1A2 (and also the two single mutants Exg2-A1 and

FIG. 6. Effects of exg2� overexpression. Wild-type (WT) cells containing vector or plasmid pML2 (overexpressing [OE] exg2�), as indicated,
were grown for 22 h in the absence of thiamine and prepared for transmission electron microscopy. Images of panels A to D show a general view
of the cells, while panels E and F show details of the septa. Bars, 0.6 �m (C to E) and 1.1 �m (A and B). (G and H) Composition of the cell wall
in strains overexpressing exg2�. The relative levels of [14C]glucose radioactivity incorporated into each cell wall polysaccharide in a 4-h labeling
are shown for the wild-type strain (h20) containing vector (pJCR-3XL) or plasmid pML2 grown in the presence (�T) or absence (�T) of thiamine.
Values are the means of three independent experiments with duplicate samples. Standard deviations are shown.
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Exg2-A2) were almost identical to those overexpressing the
full-length protein (Fig. 7B). Thus, these results indicate that
the N-terminal region and the GH5 domains are required to
induce abnormal glucan synthesis but that the catalytic activity,
if present, is not essential.

DISCUSSION

Cell wall growth and extension represent a delicate balance
between the hydrolysis of the existing cell wall and the synthe-
sis of new wall. A considerable body of evidence suggests that
fungal �(1,3)-glucanases play key roles in morphogenetic pro-
cesses during development and differentiation. Since �-glucans
are major components of fungal and yeast cell walls, it seems
likely that �-glucanases would play a crucial role in this pro-
cess, partially hydrolyzing localized areas and enabling the
insertion of new cell wall material, without disturbing the over-
all integrity of the cell (1). The complement of glucan-modi-
fying enzymes present in S. cerevisiae is very complex, and a
large number of proteins have been characterized, but much
less is known about the role of hydrolases and glucan-remod-
eling enzymes during the life cycle of fission yeasts. Only a few
glycoside hydrolases have been studied in fission yeast, such as
the endo-�(1,3)-glucanases Agn1 and Agn2, the endo-�(1,3)-
glucanases Eng1 and Eng2, and the glycanosyl-transferases
from family GH72 (18, 19, 21, 22, 35–38). In this study, we have
characterized the three genes belonging to family GH5 that are
present in the S. pombe genome. They were identified by com-
parison of the S. cerevisiae Exg1 protein with the fission yeast

genomic sequences and were named exg1� (SPBC1105.05),
exg2� (SPAC12B10.11), and exg3� (SPBC2D10.05).

Family GH5 is a large and diverse group of hydrolases with
different substrate specificities, such as exo-�(1,3)-glucanases,
endo-�(1,4)-glucanases (cellulases), endo-�(1,6)-glucanases,
endo-�(1,4)-xylanases, or �(1,3)-mannanases (Carbohydrate
Active Enzymes database [http://www.cazy.org/]). In many
cases, hydrolysis of glycoside bonds takes place via a general
acid catalysis mechanism, which requires two acidic residues,
one acting as an acid/base catalyst (proton donor) and the
other acting as a nucleophile (17). There is a low degree of
conservation of the primary sequence of these proteins, but all
of them contain a conserved fold consisting of a (�/�)8 barrel.
Despite the considerable sequence divergence, all of the pro-
teins share the signature [LIV]-[LIVMFYWGA](2)-
[DNEQG]-[LIVMGST]-{SENR}-N-E-[PV]-[RHDNSTLIVF
Y] as well as eight invariant residues that are involved in the
catalysis and the recognition of the glycosyl group attacked
during cleavage. Comparison of the three S. pombe proteins to
GH5 proteins revealed that the signature and the eight invari-
ant residues were conserved, suggesting that they are new
members of this family.

The S. pombe proteins share sequence homology to S. cer-
evisiae Exg1 and C. albicans Xog1 (CaXog1), which are exo-
�(1,3)-glucanases that also act on �(1,6) linkages (10, 43, 57).
However, since it has been reported that S. pombe lacks any
detectable exo-�(1,3)-glucanase activity (48), the biochemical
activity and substrate specificity of the three S. pombe proteins
were analyzed in strains overexpressing each of them. In con-

FIG. 7. Overexpression of mutant forms of exg2�. (A) Schematic representation of Exg2 and different mutant versions generated. The gray box
represents the GH5 domain, and the hatched box represents the putative transmembrane domain. The different constructs were cloned under the
control of the nmt1 promoter and contained the c-myc epitope at the C terminus. (B) Representative images of cells carrying Exg2 (pED172),
Exg2-�N (pED178), Exg2-�TM (pED179), Exg2-�out (pED177), Exg2-A1 (pED188), Exg2-A2 (pED193), Exg2-A1A2 (pED195), and Exg2-
�GH5 (pED215) grown for 22 h in the absence of thiamine. Cells were stained with aniline blue. (C) Exg2 protein levels. Protein extracts from
the same strains were prepared, separated by SDS-PAGE (12% for Exg2-�GH5 and 8% for the other constructs), transferred to nitrocellulose
membranes, and probed with anti-myc antibodies.
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trast to ScExg1 and CaXog1, the S. pombe Exg1 and Exg3 were
highly specific for �(1,6)-glucans (pustulan), being unable to
degrade linear or branched �(1,3)-glucans. However, no enzy-
matic activity was detected for Exg2 in different assays or using
different substrates. Therefore, it is possible that Exg2 may
have diverged from other GH5 members, losing its catalytic
activity during evolution. Alternatively, Exg2 might act on a
substrate different from the substrates used in the assay, or it
could catalyze a transglycosidase reaction that cannot be de-
tected with the assay used. Indeed, transglycosidase activity has
been reported for ScExg1 and CaXog1 (54, 55). Analysis of the
reaction products released by Exg1 on �(1,6)-glucans by HPLC
revealed that the enzyme had endolytic activity since the main
products were gento-oligosaccharides (DP of 2 to 6). There-
fore, the mode of action of S. pombe Exg1 is similar to that
previously suggested for the BGN16.2 glucanase from the fil-
amentous fungus Trichoderma harzianum (20), and it is differ-
ent from that found in ScExg1 or CaXog1, which have non-
specific �(1,3)-glucanase, �(1,6)-glucanase, and �-glucosidase
activities, with an exolytic mode of action (10, 43, 51). Multiple
sequence alignment of yeast and fungal GH5 proteins indi-
cated that the S. pombe proteins cluster in three different
branches, but none of them associated with the branch that
contains �(1,6)-glucanases such as T. harzianum BGN16.2 (see
B9VQ16_TRIHA in Fig. S1 in the supplemental material).

Although no phenotypes have been detected for exg1� mu-
tants, based on the fact that Exg1 was secreted and that it
localized to the cell wall, it should be involved in the metabo-
lism of cell wall �(1,6)-glucans in vivo. Similarly, the physio-
logical role of ScExg1 has not been clearly established, but it
has been proposed that in vivo it would be involved in the
metabolism of �(1,6)-glucans since its deletion results in an
increase in killer toxin sensitivity, while its overexpression pro-
duces resistance (24). Furthermore, overproduction or dele-
tion of the gene leads to detectable in vivo alterations in the
cell wall �(1,6)-glucan content, suggesting that its function in
the cell wall could be related to the metabolism of �(1,6)-
glucan. This protein localized to the septum region in a pattern
that was different from that found for Eng1, the endo-�(1,3)-
glucanase responsible for primary septum degradation (35).
Interestingly, the �(1,6)-branched �(1,3)-glucan spans the
whole thickness of the septum, with a tendency to become
more concentrated in the primary septum, while �(1,6)-glucan
is close to the cell membrane, labeling only the secondary
septum (23). Thus, it is possible that Exg1 could play a minor
role during cell separation, acting as an endo-�(1,6)-glucanase
required for the hydrolysis the �(1,6)-glucans of the secondary
septum.

Exg2 protein is different from the other S. pombe GH5
proteins in that it contains a putative transmembrane region
before the catalytic domain. Sequence alignment indicates that
Exg2 clusters in a branch containing a group of proteins of
fungal origin (Aspergillus fumigatus, Aspergillus nidulans, As-
pergillus terreus, Aspergillus clavatus, Neurospora crassa, or Mag-
naporthe grisea), all of which contain a putative transmembrane
domain before the catalytic domain (see Fig. S1 in the supple-
mental material). However, the extent of the putative cytoplas-
mic region is longer in the fungal proteins than in S. pombe
Exg2 although no function has been described for any of them.
We have demonstrated that Exg2 is indeed an integral mem-

brane protein that fractionates in the detergent-resistant mem-
brane fraction, a biochemical test for lipid-raft association
(56), and that its overexpression produces abnormal cell wall
deposition. Interestingly, it has recently been reported that
overexpression of a catalytically inactive form of Gas3 is toxic
for gas1� mutants in S. cerevisiae (49), and it was proposed that
hyperaccumulation of Gas3 might produce a physical distur-
bance of the cell wall structure. Thus, it is possible that the
defect in exg2� overexpression in S. pombe might be due to a
similar cause. Alternatively, it is possible that Exg2 might ac-
tivate cell wall synthesis through an unknown mechanism. Un-
fortunately, attempts to identify proteins that might interact
with the Exg2 cytoplasmic tail by two-hybrid screenings were
negative (data not shown). Further analysis will be necessary to
analyze this effect in more detail.

Finally, Exg3 is a �(1,6)-glucanase that localizes to the cy-
toplasm. The function of cytoplasmic glucanases is not cur-
rently known although they are present in different yeast or-
ganisms. Indeed, Exg3 clusters in a tree branch in which all the
members lack a putative signal secretion sequence (see Fig. S1
in the supplemental material). Also, S. pombe contains cyto-
plasmic glucanases from other families, such as the endo-
�(1,3)-glucanase Agn2 (family GH71) and the endo-�(1,3)-
glucanase Eng2 (family GH81). It has been shown that these
two proteins are required to hydrolyze the cell wall of asci,
allowing the dehiscence of spores and their dispersal (19, 22).
Thus, cytoplasmic glucanases might perform their function at
specific moments of the life cycle.
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5. Baladrón, V., S. Ufano, E. Dueñas, A. B. Martín-Cuadrado, F. del Rey, and
C. R. Vázquez de Aldana. 2002. Eng1p, an endo-1,3-�-glucanase localized at
the daughter side of the septum, is involved in cell separation in Saccharo-
myces cerevisiae. Eukaryot. Cell 1:774–786.

6. Beauvais, A., R. Drake, K. Ng, M. Diaquin, and J. P. Latgé. 1993. Charac-
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Popolo, H. R. P. and J. P. Latgé. 2000. Glycosylphosphatidylinositol-an-
chored glucanosyltransferases play an active role in the biosynthesis of the
fungal cell wall. J. Biol. Chem. 275:14882–14889.

43. Nebreda, A. R., C. R. Vázquez, T. G. Villa, J. R. Villanueva, and F. del Rey.
1987. Heterogeneous glycosylation of the EXG1 gene product accounts for
the two extracellular exo-�-glucanases of Saccharomyces cerevisiae. FEBS
Lett. 220:27–30.

44. Nelson, M. J. 1957. Colorimetric analysis of sugars. Methods Enzymol.
3:85–86.

45. Osumi, M., M. Sato, S. A. Ishijima, M. Konomi, T. Takagi, and H. Yaguchi.
1998. Dynamics of cell wall formation in fission yeast, Schizosaccharomyces
pombe. Fungal Genet. Biol. 24:178–206.

46. Percival-Smith, A., and J. Segall. 1984. Isolation of DNA sequences prefer-
entially expressed during sporulation in Saccharomyces cerevisiae. Mol. Cell.
Biol. 4:142–150.

47. Ragni, E., T. Fontaine, C. Gissi, J. P. Latgé, and L. Popolo. 2007. The Gas
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