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1 Introduction
The extracellular matrix of fungi, the cell wall, is an essential component of the
cell, which provides mechanical strength, counteracts turgor pressure, and
establishes and maintains cell polarity. In pathogenic fungi it protects the cell from
external stresses in hostile host environments, providing a barrier that aids in
evading the host immune system. If cell-wall integrity is affected, fungal cells
swell and eventually lyse due to internal osmotic pressure. Cell-wall integrity is
maintained by polysaccharides, which are interwoven into a complex and rigid
network that forms the inner layer of the cell wall. The outer layer of the cell wall
is composed of highly glycosylated mannoproteins (Lipke and Ovalle, 1998;
Kollár et al., 1997; Cabib et al., 1982; Phaff, 1963). Given both its importance for
fungal cell survival and its absence from mammalian cells, the cell wall forms an
excellent target for the development of antifungal drugs. 

Despite its rigid structure, the cell wall is by no means a static organelle.
Studies that focused on cell-wall composition and biosynthesis show that the
levels and localization of the proteins involved in cell-wall metabolism are
coordinated during the cell cycle, suggesting that cell-wall metabolism is highly
dynamic. Not only during growth, but also during sporulation, the process of
gametogenesis in fungi, the cell wall is remodeled to adapt to constant changes in
environmental conditions. Other examples of active cell-wall remodeling include
septation and cytokinesis in yeasts, formation of hyphae, as well as septum
synthesis and branching in dimorphic fungi. Although many studies have focused
on characterizing the enzymes involved in cell-wall biosynthesis and their
regulation throughout the cell cycle (Table I), very few enzymes involved in cell-
wall remodeling have been characterized. 

Cell-Wall Growth During the Fission-Yeast Cell Cycle
The fission yeast Schizosaccharomyces pombe was first described by Lindner in 1893,
who isolated the yeast from East-African millet beer (Lindner, 1893). S. pombe is
classified as an ascomycetous fungus, which upon sporulation produces an ascus
containing four haploid ascospores. In 1950, the S. pombe heterothallic strains of
opposite mating types h+ and h− were isolated by Leupold from a mixed S. pombe
culture (S. pombe Lindner, var. liquefaciens (Osterwalder)) obtained from the
'Centraalbureau voor Schimmelcultures' and were designated 975 and 972,
respectively (Leupold, 1950). These strains are the wild-type strains used in
genetic research and molecular biology today, including the research described in
this thesis. 

Since S. pombe can be used as a model unicellular eukaryote in cancer
research, its cell cycle has been studied extensively (Nurse, 2002). Haploid S.
pombe cells (either h+ or h−) in the mitotic cell cycle grow by tip elongation,
generating a typical rod shape of approximately 10−14 μm (Figure 1). When cells

9

1 
In

tr
od

uc
tio

n

Proefschrift N.Dekker_U.qxp  30-10-2006  15:38  Page 9



enter a new cell cycle, cell-wall growth is restricted to one of the tips of the cell,
the 'old end'. Growth from the 'new end', formed by the newly synthesized cell-
wall tip, is initiated later in the cell cycle, when the cells are approximately 9.0−9.5
μm in length, in a process called NETO for 'new-end takeoff' (Mitchison and
Nurse, 1985). Once a critical cell volume has been reached, the cells enter mitosis,
generating two genetically identical daughter cells. After successful separation of
the haploid nuclei (Figure 1), cytokinesis, the process that separates the
cytoplasms of both daughter cells, is initiated. It requires re-localization of the cell-
wall synthesis machinery to the middle of the cell where a three-layered cell wall
structure is synthesized (Johnson et al., 1973) (Figure 1; for details, see Figure 7).
The septum consists of a central layer, the primary septum, which is flanked by
two additional layers, the secondary septa, which are composed of the same
polysaccharides that constitute the mother cell wall (Humbel et al., 2001). After
cytokinesis, the cell-division cycle is completed by the physical separation of the
two daughter cells, cell separation, which involves the hydrolysis of the primary
septum and the cylinder of cell-wall material that surrounds the septum, the
septum edging (Figure 1; for details, see Figure 7). During septum hydrolysis, the
daughter cells change in orientation towards each other, such that they form a V-
like structure (Figure 1), which was first described in 1895 by the Dutch scientist
Adolphe Guillaume Vorderman, who likened the structure to a flail (Figure 2).
Several mutants impaired in cell separation have been isolated, showing a
mycelial-like morphology in which the individual cells remain attached via their
cell-wall remnants (described below). 

The sexual cycle of S. pombe is initiated when cells of opposite mating
types are grown under conditions of nitrogen starvation. Under these
circumstances, the cells exit the mitotic cycle and undergo a differentiation
process, mating, which involves the agglutination of cells, fusion of cell walls,
fusion of nuclei, and ultimately formation of a diploid zygote (Egel, 1971) (Figure
1). Agglutination of mating partners is initiated by the secretion of soluble
pheromones, P-factor by h+ cells and M-factor by h− cells, which induce
remodeling of the cell wall into a mating projection, the shmoo, towards the cell
of opposite mating type (Leupold, 1987; Fukui et al., 1986). In S. pombe, the
formation of this mating projection occurs in a unidirectional manner, by growth
at one of the cell ends. After polarized cell growth, the cells make contact,
agglutinate, and fuse, involving local hydrolysis of the cell wall at the site of
agglutination. Although some studies have been performed on the signaling
involved in regulation of shmoo formation (for review, see Yamamoto, 1996), very
little is known about the process of cell-wall remodeling that enables cell fusion
between both mating partners. After nuclear fusion, karyogamy, the diploid
zygote may enter a mitotic cell cycle under nitrogen-rich conditions (Figure 1),
while under continuous nitrogen limitation it enters meiosis and subsequently
sporulation. During sporulation, four haploid nuclei are formed, which become
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surrounded by an ascospore wall, synthesized de novo within the confines of the
old diploid cell wall, the ascus wall. After full development of the ascospore walls,
the ascospores are released into the medium by endolysis of the ascus wall. When
sufficient fresh nutrients become available again, these ascospores will germinate
and re-enter the haploid cell cycle (Tanaka and Hirata, 1982) (Figure 1). 

Fungal Cell-Wall Composition
The cell wall not only provides a protective barrier against external stresses, it also
is crucial for host infection by pathogenic fungi, such as Candida albicans, as it
participates in the interactions with the host, mainly through cell surface receptors
of host cells (Poulain et al, 2004). Moreover, Candida albicans can undergo
morphological changes from yeast to hyphal growth, which is thought to be
important for tissue penetration (Gow et al., 2002). Also for several other
pathogenic fungi, such as Aspergillus fumigatus, Cryptococcus neoformans,
Histoplasma capsulatum, Blastomyces dermatitidis, and Paracoccidioides brasiliensis,
changes in cellular morphology have been observed upon host tissue
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Figure 1. The life cycle of the fission yeast S. pombe. For details see text.
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colonization. Although great diversity in cell shape is observed in the fungal
kingdom, the overall cell-wall architecture of fungi appears quite conserved. In
electron microscopy, the cell wall is visible as a layered structure, with an inner
electron-translucent layer adjacent to the plasma membrane, comprising the
polysaccharides (1,3)-β-glucan, (1,6)-β-glucan, chitin, and often (1,3)-α-glucan,
and an outer electron-dense layer of glycosylated proteins (Figure 3) (Bernard and
Latgé, 2001; Osumi, 1998; Djaczenko and Cassone, 1972; Agar and Douglas, 1957).
Despite strong conservation of cell-wall architecture, the exact carbohydrate and
protein composition may vary among different fungal species. The cell-wall
architecture has been studied most extensively for the budding yeast
Saccharomyces cerevisiae. The inner layer of the S. cerevisiae cell wall is composed
entirely of polysaccharides consisting of glucose, mannose, and
(acetyl)glucosamine. The major polysaccharide is (1,3)-β-glucan (50−55%), a
polymer of (1,3)-linked β-glucose units (Manners et al., 1973a). In addition to (1,3)-
β-glucan, two minor components constitute the inner layer, (1,6)-β-glucan and
chitin, which together form a network of interwoven fibrils of approximately 7.5−
10 nm thickness, that is essential for S. cerevisiae cell-wall rigidity (Kopecká et al.,
1974). Cell wall-anchored proteins are covalently linked to this network via
remnants of the phosphatidyl-inositol anchor (Agar and Douglas, 1957).

Using enzymatic digestions, chemical techniques, and NMR-
spectroscopy, the group of Cabib characterized the connections between the
individual polysaccharides. Using (1,6)-β-glucanase digestions, they showed that
the cell-wall mannoproteins are covalently linked to the non-reducing end of (1,6)-
β-glucan, which in turn is bound to (1,3)-β-glucan via its reducing end  (Kollár et
al., 1995; 1997). The connection between (1,3)-β-glucan and chitin was studied by
digestion with (1,3)-β-glucanases and chitinases. This study identified a covalent
link between the reducing end of the chitin chain and the non-reducing end of
(1,3)-β-glucan most likely via a (1,4)-β-linkage (Kollár et al., 1995). Of the chitin
present in the cell wall, which accounts for ~1% of cell wall dry weight,
approximately 90% is present in a ring-like structure at the bud scar and only 10%
in the lateral cell wall (Cabib et al., 1982; Cabib and Bowers, 1971). Under certain
cell-wall stress conditions, when for example the integrity of (1,3)-β-glucan is
compromised, a compensatory mechanism is initiated, resulting in increased
chitin levels in the cell wall (Ram et al., 1998; Kapteyn et al., 1997).

Although the cell wall of S. cerevisiae contains a layered structure similar
to that of other fungi, it lacks α-glucan, a cell-wall component essential in S. pombe
and suggested to be involved in virulence of the pathogenic yeasts Histoplasma
capsulatum, Paracoccidioides brasiliensis, Blastomyces dermatitidis, Coccididioides
immitis, and Cryptococcus neoformans (San-Blas and San-Blas, 1977; Rappleye et al.,
2004; Kügler et al., 2000; Hogan and Klein, 1994; Reese and Doering, 2003). With
the use of yeast genetics and molecular biology, many genes involved in cell-wall
biosynthesis have been identified in S. pombe, including the α-glucan synthase
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Ags1p. In the following sections, the structure of the individual cell-wall
polysaccharides and enzymes involved in their synthesis will be discussed. 

(1,3)-β-Glucan Structure
One of the major polysaccharides essential for maintaining cell shape and cell
integrity is (1,3)-β-glucan, which represents the majority of polysaccharides
present in the cell wall of most, if not all, ascomyceteous and basidiomyceteous
fungi. In S. cerevisiae, its structure has been studied extensively, using acid and
alkaline treatments. (1,3)-β-Glucan was shown to be present in an alkaline-soluble
and an alkaline-insoluble fraction, depending on the degree of linking to chitin
(Manners et al., 1973a; Fleet and Manners, 1976; Kollár, 1995, 1997; Klis, 1997).
Consistent with this, chitinase treatment of the alkali-insoluble fraction rendered
it soluble (Mol and Wessels, 1987; Hartland et al., 1994). In both cell-wall fractions,
the soluble and insoluble ones, (1,3)-β-glucan was present with a degree of
polymerization of around 1500, containing approximately 3% 1,6-linkages, which
represent branches in the linear (1,3)-β-glucan chain (Figure 3, number 5)
(Manners et al., 1973a; Fleet and Manners, 1976). 
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Figure 2. A section of an article published by
Adolphe Guillaume Vorderman. (Left)
Vorderman was the first to describe a flail-like
structure (een dorschvlegel) that is formed by two
S. pombe cells, which he assumed to be caused by
agglutination.  Later, this interpretation was
refined by Nobel Prize winner Christiaan Eijkman,
who showed that the flail-like structure is not
formed by agglutination but during cell division,
when the two daughter cells physically separate.
(Right) Original drawings by Vorderman of S.
pombe and budding yeast cells present in the
molasses, a juice derivative of the sugercane plant.
Molasses was used for the production of arrack, an
alcoholic liquor distilled mainly in South-East Asia
(Vorderman, 1893; Eijkman, 1894). 
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Like the S. cerevisiae cell wall, the S. pombe cell wall can be fractionated by
hot-alkali extraction in alkali-soluble and alkali-insoluble fractions (Manners and
Meyer, 1977). In contrast to S. cerevisiae, however, S. pombe contains (1,3)-β-glucan
only in the alkali-insoluble fraction, indicating that S. pombe (1,3)-β-glucan is linear
or only slightly branched (Sugawara et al., 2004). Humbel and colleagues showed
that branched (1,3)-β-glucan is found predominantly in the outer region of the
polysaccharide layer in the vegetative S. pombe cell wall, whereas linear (1,3)-β-
glucan was found exclusively in the primary septum (Figure 3, number 5; Humbel
et al., 2001). 

(1,3)-β-Glucan Biosynthesis
The major enzyme involved in (1,3)-β-glucan synthesis in S. cerevisiae was first
described in 1980 (Shematek and Cabib, 1980). By using cell-membrane fractions
of broken S. cerevisiae cells, the group of Cabib showed the in vitro synthesis of an
alkali-soluble but water-insoluble polymer and identified it as (1,3)-β-glucan by
digestion with (1,3)-β-glucanases (Shematek and Cabib, 1980; Shematek et al.,
1980). In addition they showed that the synthase activity depended on the
presence of GTP as activator and UDP-glucose as substrate. By using solubilized
membrane fractions Inoue and colleagues enriched the (1,3)-β-glucan synthase
activity by product entrapment and cloned the genes encoding the two previously
identified enzymes essential for (1,3)-β-glucan synthesis, Fks1p and Fks2p
(Douglas et al., 1994; Inoue et al., 1995). FKS1 and FKS2 single deletion mutants are
viable, but deletion of both genes was found to be lethal, indicating that they can
take over each other's function (Inoue et al., 1995). The hydrophobicity plots of
Fks1p and Fks2p suggest that both proteins may possess intracellular domains
and a large multipass transmembrane domain, which might fold in a pore-like
structure (Figure 3, number 2). In addition to the membrane-bound fraction
described above, a soluble GTP-bound regulatory component was shown
important for (1,3)-β-glucan synthase activity and was later identified as Rho1p, a
GTP-binding protein of the Rho subfamily of Ras-like proteins (Table I) (Kang and
Cabib, 1986; Mol et al., 1994). 

In many fungi, including Cryptococcus neoformans, Candida albicans,
Neurospora crassa, Aspergillus nidulans, Aspergillus fumigatus, and S. pombe, a (1,3)-
β-glucan synthase have been characterized (Thompson et al., 1999; Orlean et al.,
1982; Enderlin et al., 1994; Kelly et al., 1996; Bauvais et al., 1993; Ishiguro et al.,
1997). Bgs1p (also known as Drc1p or Cps1p), the (1,3)-β-glucan synthase I from
S. pombe, was identified in a screen for mutants highly susceptible for different
chemicals and its gene was identified by complementation analyses (Ishiguro et
al., 1997). Although Bgs1p localizes at active zones of growth during vegetative
growth (i.e. cell poles and the septum region), it was shown to be essential only for
septum assembly (Liu et al., 1999, 2002; Cortés et al., 2002). As the primary septum
comprises predominantly linear (1,3)-β-glucan, it is highly likely that Bgs1p is
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directly involved in the synthesis of the primary septum (Humbel et al., 2001). 
Although bgs1+ transcription is not cell-cycle regulated in S. pombe, Bgs1p

activity and intracellular localization are strongly regulated during the cell cycle.
Similar to Fks1p or Fks2p activation in S. cerevisiae, Bgs1p activity in S. pombe
depends on the presence of the Rho GTPase Rho1p in its GTP-bound form, which
directly or indirectly via activation of the protein kinase C Pck2p activates (1,3)-β-
glucan synthesis (Table I; Figure 4). Rho1p is kept in its active, GTP-bound, state
by the GDP-GTP exchange factor Rgf3p, enabling a tight regulation of Bgs1p
activity (Table I; Figure 4). Likewise, the intracellular localization of Bgs1p is
tightly regulated by a cascade of signaling molecules, called the septum initiation
network (SIN), that synchronizes the timing of division septum assembly with
nuclear division (for review, see Krapp et al., 2004). Upon mutation of one of the
SIN components, Bgs1p looses its septum localization, whereas, upon ectopic
activation of the SIN, Bgs1p localizes to the medial region in interphase cells (Liu
et al., 2002). As a consequence, cells expressing non-functional SIN proteins fail to
synthesize a septum despite a continuing nuclear cycle, leading to elongated
multinucleated cells that eventually lyse (Krapp et al., 2004). 
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Figure 3. Predicted architecture of the S. pombe cell wall. An electron micrograph of a dividing S. pombe cell (Lower)
and a schematic representation of the composition of its cell wall (Upper) are shown. Indicated are the plasma
membrane (1), harboring transmembrane enzymes with predicted topologies such as those presented for (1,3)-β-
glucanase Bgs1p (2) or α-glucan synthase Ags1p (3). The cell wall consists of an inner layer of (1,3)-α-glucan (4) and
branched (1,3)-β-glucan with (1,6)-β-linkages (5) that covalently anchor an outer layer of glycosylated cell-wall
proteins (6).
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Following the identification of Bgs1p, three other β-glucan synthases were
identified in S. pombe (Table I). Bgs3p and Bgs4p both localize to the septum and
cell poles, where Bgs3p is thought to be responsible for synthesis of (1,3)-β-glucan
present in the cell wall and the secondary septa. (Table I; Martín et al., 2003; Ribas
et al., 1991; Verde et al., 1995; Cortés et al., 2005). Bgs4p is involved in cell wall
repair after cell separation where it may compensate for excessive (1,3)-β-glucan
degradation by the (1,3)-β-glucanase Eng1p (described below) (Cortés et al., 2005).
The fourth putative (1,3)-β-glucan synthase, Bgs2p, is not essential for viability
during vegetative growth, in contrast to Bgs1p, Bgs3p, and Bgs4p, but essential for
correct ascospore wall maturation during sporulation (Table I). 

In almost all fungi studied so far, including pathogenic fungi such as C.
albicans, C. neoformans, and A. fumigatus, (1,3)-β-glucan is an essential cell-wall
component. The fact that the (1,3)-β-glucan synthetic enzymes of these fungi are
located in the plasma membrane at the cell surface, illustrates their potential as
targets for the development of antifungal drugs (Figure 3). In fact, (1,3)-β-glucan
synthase inhibitors, such as caspofungin, are used in clinical practice today, being
both effective and well tolerated (Keating et al., 2001; Kartsonis et al., 2003).

(1,6)-β-Glucan Structure and Biosynthesis
The second β-linked cell-wall polymer is (1,6)-β-glucan, which is present in many
fungi, although it represents only a minor component (Vink et al., 2004). In S.
cerevisiae, (1,6)-β-glucan is present as a highly branched alkali-soluble molecule
(Manners et al., 1973b). It shows a very broad size distribution profile and is
estimated to be composed of 60−600 glucose units (Manners et al., 1973b; Kollár et
al., 1997). In S. cerevisiae, it has been shown that the non-reducing end of a (1,6)-β-
glucan chain is covalently linked to cell-wall mannoproteins via a remnant of the
GPI anchor that is processed to release these proteins from the plasma membrane.
In turn, (1,6)-β-glucan is linked via its reducing end to (1,3)-β-glucan under
normal conditions or to chitin under conditions of low (1,3)-β-glucan levels
(Kollár et al., 1997; Kapteyn et al., 1996; 1997; 1999).

In S. pombe a similar structure of β-glucan has been observed. (1,6)-β-
Glucan was isolated in an alkali-insoluble acetic acid-soluble fraction, which was
solubilized by (1,3)-β-glucanase treatment. (Sugawara et al., 2004; Magnelli et al.,
2005). By using NMR-spectroscopy, both studies demonstrated in an independent
manner that also S. pombe (1,6)-β-glucan is highly branched with (1,3)-β-linked
glucose, forming a comb-like structure, which in contrast to (1,3)-β-glucan might
be highly flexible (Sugawara et al., 2004).

To identify genes involved in (1,6)-β-glucan biosynthesis in S. cerevisiae, a
screen was set up utilizing killer toxin, a toxin produced by specific RNA virus-
infected S. cerevisiae strains and which permeabilizes the plasma membrane of
sensitive S. cerevisiae strains (Palfree and Bussey, 1979; de la Penã et al., 1981). This
killer toxin was shown to bind specifically to (1,6)-β-glucan in the cell wall and
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was used as a tool for the isolation of mutants defective in (1,6)-β-glucan
biosynthesis, thereby rendering them insensitive to killer-toxin treatment
(Hutchins and Bussey, 1983; Boone et al., 1990). The first gene identified using this
screen was KRE1 (killer-toxin resistant), a gene encoding a secreted protein that
localizes to the cell wall via its GPI-anchor remnants. Deletion of KRE1 resulted in
a 40% decrease in cell-wall (1,6)-β-glucan levels, a reduction in branching, and a
decrease in the average chain length of (1,6)-β-glucan (Boone et al., 1990). More
recently, it has been proposed that Kre1p might be a secondary receptor for killer
toxin, promoting the transfer of the killer toxin to the plasma membrane, where it
disrupts the ion-gradient (Breinig et al., 2002, 2004). Other examples of genes
indirectly involved in  (1,6)-β-glucan synthesis are KRE2 and KRE9, KRE6, KRE5,
and BIG1, ROT1, and KRE11, whose gene products localize to the cell surface,
Golgi apparatus, endoplasmic reticulum, or cytoplasm, respectively. These
findings indicate that (1,6)-β-glucan synthesis occurs intracellularly where it may
be processed and transported to the cell wall via the secretory pathway (for
review see Shahinian and Bussey, 2000; Machi et al., 2004; Lobsanov et al., 2004).
Similar to S. cerevisiae, S. pombe may also synthesize its (1,6)-β-glucan
intracellularly, because immuno-electron microscopy using specific (1,6)-β-glucan
antibodies showed specific Golgi staining (Humbel et al., 2001). It is tempting to
speculate that cell-wall proteins may serve as a guide for the transport of the
intracellularly synthesized (1,6)-β-glucan to the extracellular matrix. Mutations in
genes leading to retention of the cell-wall proteins in the secretory system may
then interfere with correct transport and integration of (1,6)-β-glucan in the cell
wall. To my knowledge, no enzymes directly responsible for (1,6)-β-glucan  have
been identified to date.

Vink and colleagues developed a (1,6)-β-glucan assay and demonstrated
the in vitro biosynthesis of (1,6)-β-glucan using crude membrane fractions of S.
cerevisiae cells (Vink et al., 2004). Perhaps this assay may contribute to the
identification of the (1,6)-β-glucan synthase. Interestingly, homologous genes
involved in protein processing, such as KRE5 (see above), have been shown to be
essential for virulence in C. albicans, illustrating the importance of this minor cell-
wall component as a potential antifungal drug target (Buurman et al., 1998;
Herrero et al., 2004). 

Chitin Biosynthesis
Chitin, which consists of (1,4)-β-linked moieties of N-acetylglucosamine
(GlcNAc), is the second most abundant carbohydrate in nature. In the fungal
kingdom, chitin is widely distributed, and varies in its cell-wall abundance from
5 to 60% (Bartnicki-Garcia, 1968). In S. cerevisiae, chitin represents only a minor but
essential component of the cell wall, accounting for 1−2% of cell wall dry weight
(Shaw et al., 1991). More than 90% of the cell-wall chitin specifically localizes to the
bud scar where it is present as a linear molecule with a chain length of
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approximately 190 moieties (Molano, et al., 1980; Klis et al., 2002). 
Chitin synthesis is tightly controlled during the cell cycle and in S.

cerevisiae involves three plasma membrane-associated chitin synthases, Chs1p−
Chs3p. During vegetative growth, Chs3p synthesizes chitin in the lateral cell wall
in a processive manner by using UDP-GlcNAc as substrate. Chitin is presumed to
be synthesized intracellularly and is transported through the plasma membrane
via a multipass transmembrane domain to the extracellular space, where it is
linked to (1,3)-β-glucan or (1,6)-β-glucan (Kollár et al., 1997; Shaw et al., 1991;
Cabib et al., 1983). Upon cell division, Chs3p is ascribed a second role in the
synthesis of a chitin ring just before bud emergence. This chitin ring is suggested
to function in two ways: one, as a scaffold for the recruitment of the septation
apparatus after full maturation of the bud; and two, as a rigid structure which aids
in keeping the neck region constricted during bud growth (Schmidt et al., 2003).
After full maturation of the bud, the septation apparatus including the chitin
synthase Chs2p is recruited to the bud neck, where it is essential for the synthesis
of the chitin-rich primary septum (VerPlank and Li, 2005; Shaw et al., 1991;
Sburlati and Cabib, 1986). After full completion of the septum, the daughter cell is
separated from the mother by hydrolysis of chitin by the daughter cell-encoded
chitinase Cts1p, leaving the primary-septum remnants and the chitin ring at the
mother side visible as a bud scar and a bud-scar rim, respectively, in light
microscopy (Colman-Lerner et al., 2001; Kurunda and Robbins, 1991; Cabib and
Bowers, 1971). Finally, excessive degradation of chitin during the cell separation
process is compensated by the activity of the chitin synthase Chs1p, providing a
compensatory mechanism to preserve cell-wall integrity of both cells (Cabib et al.,
1989). This mechanism in S. cerevisiae is reminiscent to that of S. pombe, in which
the (1,3)-β-glucan synthase Bgs4p compensates for the excessive degradation of
the septum by the (1,3)-β-glucanase Eng1p (see below).

As already indicated, production and deposition of chitin is regulated
both spatially and temporally. Even though in S. cerevisiae Chs3p is not an
essential enzyme, its expression, location, and activity are tightly regulated and
require the proteins Chs4p−Chs7p (DeMarini et al., 1997; Santos and Snyder, 1997;
Ziman et al., 1998; Trilla et al., 1999). Chs4p is a protein that binds indirectly to a
filament-forming complex of proteins, the septins (see below), where it is thought
to be involved in recruiting as well as activating Chs3p (DeMarini et al., 1997;
Trilla et al., 1997). Chs3p is also expressed during sporulation where it is suggested
to be involved in the development of the chitin present in the outer layer of the
ascospore wall. This chitin is subsequently converted to chitosan by two
sporulation-specific chitin deacetylases, thereby conferring high rigidity to the
ascospore wall (Christodoulidou et al., 1996). 

In S. pombe, the presence of chitin in the cell wall during vegetative
growth is controversial. Sietsma and Wessels showed that alkali treatment only
partially solubilized (1,3)-β-glucan from cell walls from S. pombe strain CBS356
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similar to what is observed in S. cerevisiae (Sietsma and Wessels, 1990; Kollár et al,
1997). The fact that treatment of this fraction with nitric acid or chitinase lead to
solubilization of (1,3)-β-glucan lead the authors to propose that the remaining
(1,3)-β-glucan could be part of a chitin-glucan complex similar in composition to
that observed in S. cerevisiae (Wessels and Sietsma, 1990).  It has, however, never
been confirmed that the glucosamine detected is actually present as chitin in the
vegetative S. pombe cell wall.

Two chitin synthase-encoding homologs have been identified in S. pombe,
chs1+ and chs2+, which are both expressed, indicating that they are not
pseudogenes. Moreover, by complementation analysis it was shown that chs1 and
chs2 were individually able to complement the lethal phenotype of the S. cerevisiae
chs1Δ chs2Δ chs3Δ triple deletion mutant, indicating that both genes encode a
functional chitin synthase (Matsuo et al., 2004a). These results, however, could not
be confirmed by others (Martín-García et al., 2003). Both chs1+ and chs2+ expression
is regulated during sporulation, and, in addition, chs2+ expression is also
regulated during the cell cycle (Matsuo et al., 2004a; Mata et al., 2002). Deletion of
chs1 resulted in a severe ascospore-wall synthesis defect, which could be
complemented by ectopic overexpression of chs1, indicating the presence of chitin
in the ascospore wall. Indeed, the chs1Δ ascospores that did develop were devoid
of chitin in their walls and showed an increased sensitivity to environmental
stress (Arellano et al., 2000). Like in S. cerevisiae, the S. pombe genome encodes a
chitin deacetylase, indicating that in S. pombe ascospore-wall chitin may also be
converted into chitosan. This suggestion is corroborated by the observation that
deletion of this gene affects ascospore-wall formation (Matsuo et al., 2005). 

Despite its upregulation during sporulation and its cell cycle-regulated
synthesis, deletion of chs2 did not lead to a clear phenotype (Matsuo et al., 2004a;
Mata et al., 2002). Overexpression, however, resulted in a multi-septated
phenotype, indicating that chs2+ may play a role during septation. This is in
agreement with the transcription profile of chs2+, which is specifically upregulated
during septation, and the localization of its gene product, which localizes to the
septum region during septation (Rustici et al., 2004; Matsuo et al., 2004a; Martín-
García et al., 2003). Moreover, this localization seems to be coordinated by Chr4p,
a homolog of the S. cerevisiae Chs3p-regulator protein Chs4p (Matsuo et al., 2004b;
DeMarini et al., 1997).

Not only the genomes of the model yeasts S. cerevisiae and S. pombe, but
also those of pathogenic fungi encode multiple chitin synthase genes. Examples
are C. albicans, C. neoformans, and A. fumigatus, whose genomes encode four, eight,
or seven chitin synthases, respectively (Munro et al., 2002; Banks et al., 2005; Latgé
et al., 2005). The fact that chitin synthases are absent from humans makes them
excellent targets for antifungal drug development. Nikkomycin was the first
compound identified to inhibit chitin synthase activity, by functioning as a
competitive substrate analog of UDP-GlcNAc. Despite the low fungicidal activity
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Bgs1p

Bgs2p

Bgs3p

Bgs4p

Ags1p

Mok11p

Mok12p

Mok13p

Mok14p

Chs1p

Chs2p

Chr4p

Cda1p

Hydrolases
Eng1p

Eng2p

Agn1p

- Active zones of growth, actin and SIN  
dependent

- No cell cycle-regulated expression

- At the spore periphery
- Upregulated during sporulation

- Active zones of growth
- No cell cycle-regulated expression

- Active zones of growth
- Actin dependent but SIN independent
- No cell cycle-regulated expression

- Active zones of growth
- Actin and Pck2p dependent 
- No cell-cycle regulated expression

- Putative plasma membrane location
- Upregulated during sporulation

- At the ascospore periphery. 
- Putative forespore inner membrane    

location
- Upregulated during sporulation

- At the ascospore periphery during   
development. Putative forespore   
membrane location

- Upregulated during sporulation

- At the ascospore periphery and at the   
ascus membrane

- Upregulated during sporulation

- Putative plasma membrane located
- Upregulated during sporulation

- At the septum region
- Cell cycle-regulated expression

- Active zones of growth
- Cell cycle-regulated expression

- Putative intracellular localization
- Upregulated during sporulation

- Septum edging in a ring-like structure
- Cell cycle-regulated expression

- Putative intracellular localization
- Upregulated during sporulation

- Septum edging in a ring-like structure
- Cell cycle-regulated expression

- Essential for viability
- (1,3)-β-Glucan synthase subunit
- Essential for division septum synthesis
- Activity is Rho1p dependent

- Not essential for viability
- (1,3)-β-Glucan synthase subunit
- Involved in ascospore-wall maturation
- bgs2Δ mutants form irregular ascospore walls

- Essential for viability
- Putative (1,3)-β-glucan synthase subunit
- Involved in cell-wall biosynthesis during 

vegetative growth

- Essential for viability
- Bgs4p, synonyms are Orb11p or Cwg1p
- Also expressed during sporulation where it 

localizes to the ascospore periphery and at the 
shmoo tip

- Cell-wall repair enzyme during cell separation

- Essential for viability
- Putative α-glucan synthase subunit

- Produces an amylose-like polymer upon   
overexpression

- Not essential for viability
- Mutants have a weakened ascospore wall   

(α-glucan levels reduced in ascospores with ± 40%)
- Rescues an Ags1p temperature-sensitive mutant

- Not essential for viability
- Mutants have a weakened  ascospore wall 
(α-glucan levels reduced in ascospores with ± 40%)

- Rescues a Ags1p temperature-sensitive mutant

- Not essential for viability
- Mutants lack amylose-like polymer
- Rescues a Ags1p temperature-sensitive  mutant

- Not essential for viability
- Mutants have a highly weakened ascospore wall 

(reduction of chitin levels in ascospores)

- Not essential for viability
- Mutants show no phenotype
- Elevated expression results in multiseptation

- Cell-cycle regulated
- Not essential for viability
- Mutants show no phenotype
- Elevated expression results in multiseptation
- Suggested to pay a role in Chs2p localization

- Not essential for viability
- May be involved in ascospore maturation
- Putative chitin deacetylase

- Not essential for viability
- Mutants show a cell-separation defect
- (1,3)-β-Glucanase

- Function unknown
- Homology to Eng1p
- Putative (1,3)-β-glucanase

- Expression upregulated during sporulation
- Not essential for viability
- Mutants show a cell-separation defect
- (1,3)-α-Glucanase

Ishiguro et al., 1997; Liu
et al., 1999

Liu et al., 2000;
Martín et al., 2000

Martín et al., 2003

Ribas et al., 1991; Verde
et al., 1995; Cortés et al.,
2005

Hochstenbach et al.,
1998; Katayama et al.,
1999; This thesis

Katayama et al., 1999;
Garciá et al., 2006; This
thesis

Katayama et al., 1999;
Garciá et al., 2006

Katayama et al., 1999;
Garciá et al., 2006

Katayama et al., 1999;
Garciá et al., 2006

Arellano et al., 2000

Martín-Garcia et al.,
2003; Matsuo et al.,
2004a

Matsuo et al., 2004a

Matsuo et al., 2005

Martín-Cuadrado et al.,
2003; This thesis

Martín-Cuadrado et al.,
2003

This thesis;
Martín-Cuadrado et al.,
2005

Table I. Key Proteins Involved in Cell-Wall Metabolism in S. pombe

Protein Location and regulation                  (Proposed) Function                                         References
Synthases and assisting proteins
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Protein

Agn2p

Regulators

Rho1p

Rho2p

Rho3p

Rho4p

Rho5p

Cdc42p

Pck1p

Pck2p

Rgf1p

Rgf2p

Rgf3p

Gef1p &
Scd1p

Location and regulation

- Ascus cytoplasm (epiplasm)
- Upregulated during sporulation

- Membrane associated
- Active zones of growth
- No cell cycle-regulated expression

- Membrane associated
- Active zones of growth
- No cell cycle-regulated expression

- Membrane associated
- Active zones of growth
- No cell cycle-regulated expression

- Membrane associated
- Active zones of growth
- Cell cycle-regulated expression
- Upregulated during sporulation

- Membrane associated
- Active zones of growth
- Upregulated during sporulation

- Active zones of growth
- Upregulated during sporulation

- Membrane associated
- Active zones of growth
- Upregulated during sporulation

- Membrane associated
- Active zones of growth
- No cell cycle-regulated expression

- Active zones of growth
- No cell cycle regulated expression

- Active zones of growth
- Upregulated during sporulation

- A ringlike structure which shrinks   
upon septum synthesis

- Cell cycle-regulated expression

- Active zones of growth
- No cell cycle-regulated expression

(Proposed) Function

- Function unknown
- Homology to Agn1p
- (1,3)-α-Glucanase
- Essential for ascus-wall hydrolysis

- Essential for viability
- Activates Bgs1p
- GTPase
- Rho1p-GTP binds to Pck1p and Pck2p

- Not essential for viability
- Member of GTPase family
- High overexpression is lethal
- Activates Ags1p via activation of Pck2p

- Not essential for viability
- Member of GTPase family
- rho3Δ cells are rounded and often multiseptated 

at elevated temperature.    
- Deletion phenotype is complemented by ScRHO3

overexpression
- Genetic interaction observed with protein from the    

exocyst complex

- Not essential for viability
- Member of GTPase family
- rho4Δ cells are multiseptated at elevated 

temperature and accumulate secretory vesicles
- Involved in Eng1p and Agn1p localization at   

elevated temperatures    

- Not essential for viability
- Member of GTPase family
- Complements temperature-sensitive Rho1p point   

mutant
- rho5Δ Cells are slightly affected in ascospore 

integrity

- Essential for viability
- Involved in polarized growth
- Involved in cell fusion during mating

- Not essential for viability
- Ser/Thr protein kinase
- Not a clear cell-wall phenotype
- Binds to Rho1p-GTP 

- Not essential for viability
- Overexpression is lethal
- Deletion of pck1 and pck2 is lethal
- Ser/Thr protein kinase
- Affected cell-wall integrity
- Binds to Rho1p-GTP
- Activates Bgs1p and Ags1p 

- Not essential for viability
- Mutant cells show no clear phenotype
- Synthetically lethal with rgf2+

- Not essential for viability
- Mutant cells show no clear phenotype
- Synthetically lethal with rgf1+

- Essential for viability
- Overexpression leads to multiseptation
- Rho GEF (GDP-GTP exchange factor)
- Activates Rho1p

- Not essential for viability
- GDP-GTP exchange factors (GEF) for   

Cdc42p

References

This thesis

Arellano et al., 1996,
1997; Nakano et al.,
1997

Hirata et al., 1998;
Calonge et al., 2002

Nakano et al., 2002;
Wang et al., 2003

Nakano et al., 2003;
Santos et al., 2003,
2005

Nakano et al., 2005;
Rincón et al., 2006

Miller and Johnson,
1994; Merla and
Johnson, 2000

Toda et al., 1993;
Arellano et al., 1999;
Sayers et al., 2000

Toda et al., 1993;
Arellano et al., 1999;
Calonge et al., 2000;
Sayers et al., 2000

Mutoh et al., 2005

Mutoh et al., 2005

Tajadura et al., 2004;
Morrell-Falvey et al.,
2005; Mutoh et al.,
2005

Coll et al., 2003; 
Fukui and
Yamamoto, 1988;
Hirota et al., 2003

Table I. continued
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of this compound alone, when used in combination with the (1,3)-β-glucan
synthase inhibitor caspofungin, it has shown to be highly fungicidal for A.
fumigatus cells (Ganesan et al., 2004). Although it has never been approved for
clinical use, currently new efforts are being undertaken by the University of
Arizona to test it for treatment of valley fever, an infection caused by either of two
Coccidioides species (http://www.vfce.arizona.edu).

(1,3)-α-Glucan Structure
(1,3)-α-Glucan is the second major component of the cell wall of many fungi,
including fungal pathogens such as A. fumigatus, C. neoformans, B. dermatitidis, H.
capsulatum, and P. brasiliensis; however, it is absent from hemiascomyceteous
fungi such as S. cerevisiae and C. albicans. (1,3)-α-Glucan was first identified in
Schizosaccharomyces octosporus and S. pombe as a polysaccharide that together with
(1,3)-β-glucan forms the major alkali-soluble fraction of the cell wall (Kreger,
1954). In 1968, this fraction was confirmed to contain chains consisting of (1,3)-
linked α-glucose moieties (Bacon et al., 1968). In S. pombe, the cell wall contains 18−
28% α-glucan, which is found directly adjacent to the plasma membrane,
comprising the inner part of the polysaccharide layer (Figure 3, number 4) (Bush
et al., 1974; Kopecká et al., 1975; Manners and Meyer, 1977). Using crystallography,
Ogawa and colleagues showed that single chains of bacterial α-glucan fold into a
single-stranded double helix, stabilized by intra-chain hydrogen bonds (Ogawa et
al., 1981; Jelsma and Kreger, 1979). Between the helices, extensive inter-chain
hydrogen bonding takes places, generating a sheet-like structure of antiparallel-
oriented helices (Ogawa et al., 1981). In electron microscopy, these structures are
visible as microfibrils, oriented parallel to the polarity axis of the cell (Figure 3,
number 4) (Konomi et al., 2003; Kopécka et al., 1995).

Already in 1974, it was shown for S. pombe that the cell-wall fraction
containing (1,3)-α-glucan also possessed some 7% (1,4)-linked α-glucan was
present (Bush et al., 1974). Recently, the precise chemical structure of S. pombe α-
glucan has been elucidated. Grün and colleagues purified α-glucan to
homogeneity by removing (1,3)-β-glucan and proteins from S. pombe cell walls,
using zymolyase, and analyzed the remaining structure by chemical treatments
and NMR-spectroscopy (Grün et al., 2005). They showed that cell-wall α-glucan is
present as a linear molecule, consisting of approximately 260 glucose residues. It
consists of two covalently linked building blocks, each comprising approximately
135 (1,3)-α-linked glucose residues with a short stretch of (1,4)-linked residues at
the reducing end. Interestingly, α-glucan of an S. pombe α-glucan synthase mutant,
ags1-1ts, isolated at the semi-permissive temperature was halved in size,
comprising only one building block. Purified α-glucan from ags1-1ts cells collapses
into loose fragments in electron microscopy, whereas mature α-glucan of wild-
type cells retains the typical rod-like morphology of S. pombe cells (Kopecká et al.,
1975; Sugawara et al., 2003, 2004; Grün et al., 2005). Importantly, at the semi-
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permissive temperature, the reduced levels and altered composition of α-glucan
in ags1-1ts mutant cells cause an abnormal cell-wall architecture, and reduced cell-
wall integrity. At the restrictive temperature the cells lyse, illustrating the
importance of S. pombe α-glucan for viability and morphogenesis (Hochstenbach
et al., 1998; Grün et al., 2005). 

(1,3)-α-Glucan Biosynthesis
The first enzyme identified as being involved in α-glucan biosynthesis is the α-
glucan synthase Ags1p, which was cloned by complementation analysis using the
ags1-1ts mutant, using positional cloning (Hochstenbach et al., 1998; Katayama et
al., 1999). ags1+ encodes a multi-domain protein of 2,410 amino acids with a
putative topology as depicted in Figure 3 (number 3). In addition to a putative
multipass-transmembrane domain, it consists of two probable catalytic domains:
One domain with strong homology to glycogen and starch synthases, predicted to
be located intracellularly, and a domain with strong homology to amylases,
predicted to be reside extracellularly (Hochstenbach et al., 1998). Based on the
putative topology and homology to other enzymes, the following model for α-
glucan synthesis was suggested. The intracellular domain is involved in the
synthesis of a building block consisting a segment of (1,3)-α-glucan with at its
reducing end a short stretch of (1,4)-α-linked glucose residues. After completion
of the single building block, it is transported across the plasma membrane via the
multipass transmembrane domain and covalently linked to the second building
block, to form mature cell-wall α-glucan (Grün et al., 2005; Hochstenbach et al.,
1998). In Chapter 6 we show that the intracellular domain of Ags1p (named SYN)
synthesizes (1,4)-α-glucan, which further refines the model. We propose that the
SYN domain of Ags1p synthesizes (1,4)-α-glucan, which is linked, perhaps by the
Ags1p extracellular domain, to (1,3)-α-glucan synthesized by an unknown
enzyme. 

Like Bgs1p localization, Ags1p localization is tightly regulated during the
cell cycle. During vegetative growth, Ags1p is found at active zones of growth, the
cell ends, after which it translocates to the septum region during cell division in
an actin and myosin-dependent manner (Win et al., 2001; Katayama et al., 1999).
By epistasis analysis it has been shown that the activity of Ags1p depends on the
GTPases Rho1p and Rho2p (Figure 4). Overexpression of rho1 or rho2 leads to loss
of polarity and formation of a thick cell wall (Arellano et al., 1996; Hirata et al.,
1998). A similar phenotype is observed when pck2 is deleted, but no clear
phenotype is observed upon deletion of pck1, indicating that Rho1p and Rho2p
function in cell-wall construction via Pck2p (Figure 4) (Toda et al., 1993).
Simultaneous deletion of pck1 and pck2 is lethal, demonstrating that Pck1p can at
least partially take over essential functions of Pck2p (Toda et al., 1993). An
interaction between Pck2p and Ags1p was demonstrated by deleting pck2 in an
ags1-overexpressing strain, which leads to a block of the toxic phenotype resulting
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from overexpression of Ags1p in wild-type cells (Figure 4) (Katayama et al., 1999).
An interaction between all three proteins was observed by deleting pck2 in cells
overexpressing rho2. In wild-type cells, rho2 overexpression results in a decrease
in viability to 25%, an accumulation of α-glucan levels, and a loss of polarity
(Hirata et al., 1998). In contrast to the rho2 overexpression phenotype in wild-type
cells, overexpression of rho2 in pck2Δ cells did not lead to loss of polarity and
accumulation α-glucan, indicating that Rho2p activates Ags1p only indirectly via
Pck2p (Figure 4) (Calonge et al., 2000). In conclusion, Rho1p and Rho2p
independently activate Ags1p in a Pck2p-dependent manner (Arellano et al., 1999;
Sayers et al., 2000). 

The S. pombe genome also encodes four  homologs of Ags1p, designated
Mok11p−Mok14p (morphological and kinase-inhibitor supersensitive), which all
posses the predicted multi-domain structure characteristic for Ags1p, except for
Mok14p, which lacks the predicted extracellular transglycosidase domain.
Remarkably, Mok11p−Mok14p are not expressed during  vegetative growth, but
are highly upregulated during sporulation, suggesting a role in ascospore
development (Katayama et al., 1999, Mata et al., 2002). Cells deleted for mok12 or
mok13 indeed showed a defect in ascospore-wall development; however, no
apparent cell-wall phenotype was observed for cells deleted for mok11 or mok14
(García et al., 2006). Interestingly, cells deleted for mok14 showed reduced staining
after treatment with iodine vapor, which stains (1,4)-α-glucan-like polymers.
Perhaps (1,4)-α-glucan-like polymers are stored as carbon and energy source for
ascospore germination during starvation conditions. It remains however unclear
why Mok14p localizes in the ascus cytoplasm and not in the spores (García et al.,
2006).
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Bgs1p Ags1p

Pck2pPck1p

Rho2p

Rgf3p Figure 4. Regulation of cell wall biosynthesis in S.
pombe. Rho GTPase signal transduction pathways are
involved in the regulation of the activity of (1,3)-β-glucan
synthase Bgs1p and α-glucan synthase Ags1p. Note that
regulation of synthase activity occurs mainly through
activation of the protein kinase C homologue Pck2p. The
genes indicated are listed in Table I.

indicates activation
indicates regulation
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(1,3)-α-Glucan in Pathogenic Fungi
One of the most prominent filamentous fungi causing invasive fungal infection is
A. fumigatus. (1,3)-α-Glucan is a predominant component of its cell wall,
accounting for approximately 40% of its cell-wall dry weight (Fontaine et al., 2000).
The A. fumigatus genome encodes three genes with similarity to S. pombe ags1+, of
which AGS1 and AGS3 are predicted to be involved in α-glucan biosynthesis
(Beauvais et al., 2005; Maubon et al., 2006). Also A. niger encodes several Ags1p
homologs, of which one, AnAgsAp, is induced under cell-wall stress conditions ,
and suggested to be involved in the synthesis of either (1,3)-α-glucan or (1,4)-α-
glucan (Damveld et al., 2005). Like Aspergillus species, also the pathogenic
dimorphic fungi B. dermatitidis, P. brasiliensis, and H. capsulatum contain abundant
amounts of α-glucan in the cell walls of the pathogenic yeast form, but contain
only small amounts of α-glucan in the avirulent mycelial form (Hogan and Klein,
1994; Carbonell, 1967; Kanetsuna and Carbonell, 1970; San-Blas and San-Blas,
1977; Klimpel and Goldman, 1988; Hogan et al., 1996). Spontaneous mutants of B.
dermatitidis and P. brasiliensis that were highly attenuated in virulence have
reduced levels of α-glucan in their cell walls (Hogan and Klein, 1994; San-Blas and
San-Blas, 1977). Using RNA interference, it was recently demonstrated in
Histoplasma capsulatum that, upon silencing of the HcAGS1 gene, cell-wall α-
glucan levels decreased dramatically and cells lost the ability to colonize murine
lungs and to evade macrophage killing (Rappleye et al., 2004). Also the
encapsulated pathogenic fungus C. neoformans can cause systemic infection
following inhalation as a basidiospore or as a dried yeast cell in
immunocompromised patients. Initially, the fungus may remain in a dormant
state for years, but once active it may cause chronic meningoencephalitis (Idnurm
et al., 2005).  The most important C. neoformans virulence factor is its capsule, a
polysaccharide structure surrounding the cell wall, which aids in evading the
immune system by binding complement components and inhibiting pro-
inflammatory cytokine production (Bose et al., 2003). Acapsular strains are
completely avirulent (Chang and Kwon-Chung, 1994). Recently, the importance of
α-glucan for C. neoformans virulence has been demonstrated using RNAi to knock
down CnAGS1 expression (Reese and Doering, 2003). In these experiments, the
decrease in cell-wall α-glucan levels led to acapsular cells, although these cells still
produced the individual capsule components (Reese and Doering, 2003). In
summary, it is clear that α-glucan is an important structural cell-wall polymer and
therefore a critical virulence factor for C. neoformans and other pathogenic fungi.
This warrants further investigations into the enzymes involved in α-glucan
synthesis as putative targets for antifungal drugs. 
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Enzymes Involved in Cell-Wall Metabolism
During the cell cycle, high cell-wall plasticity is maintained to allow for growth
without losing cell-wall integrity. Even though the specific composition of the cell
wall differs between fungi, they all comprise a combination of (1,3)-β-glucan,
(1,6)-β-glucan, chitin, and often α-glucan to form a rigid complex network. Not
surprisingly, also enzyme activities involved in remodeling and specific
hydrolysis of this complex cell-wall network are highly conserved, playing a
major role in the life cycle of fungi. In the following section, the mechanism of
enzymes involved in cell-wall metabolism will be described and activities of well-
studied enzymes and their involvement in cell-wall metabolism will be discussed. 

Enzyme Mechanisms of Glycoside Hydrolases
Glycoside hydrolases are a class of enzymes that cleave glycosidic bonds in
glycoproteins, glycolipids, and polysaccharides. Enzymes involved in the
hydrolysis of these glycosides have been the subject of many studies and several
different classification systems have been developed to group these enzymes. One
classification of glycoside hydrolases is based on the degree of polymerization
(DP; i.e. the number of residues) of the hydrolysis products. Enzymes that
function with an exo-hydrolytic mode of action hydrolyze glycosidic bonds from
the non-reducing end of the substrate thereby releasing mono- or disaccharides,
whereas endo-hydrolytic enzymes hydrolyze a glycosidic linkage within the
substrate chain, located away from the substrate ends, initially generating
products with a high DP. This method however has never been used for enzyme
classification, because many enzymes use an apparently intermediate mechanism
of hydrolysis, a so-called processive mechanism. Processivity is a mechanism in
which the substrate remains attached to the enzyme after the initial intrachain
enzymatic attack and is transferred along its active site (sliding) for multiple
rounds of hydrolysis (Von Hippel et al., 1994; Breyer et al., 2001). By
misinterpreting the experimental data, one may classify an enzyme that produces
glucose as product as an exo-hydrolytic enzyme, whereas it should be classified as
an endo-hydrolytic enzyme, hydrolyzing the substrate by a processive mechanism
(Henrissat and Davies, 1997). The specific mechanism of one such enzyme, the
endo-(1,3)-α-glucanase MutAp, is investigated and described in Chapter 4.

Glycoside hydrolases can also be classified on the basis of their catalytic
mechanism: One class hydrolyzes glycosidic bonds with inversion of the
configuration of the anomeric carbon and the other uses a mechanism in which the
anomeric configuration is retained (Figure 5) (Ly and Withers, 1999). Inverting
enzymes use a single nucleophilic displacement mechanism, involving two
carboxylic residues (Figure 5A). These residues are positioned opposite to each
other with a distance of approximately 0.95 nm, allowing a water molecule to be
positioned in the catalytic center together with the substrate (Ly and Withers,
1999). One of these catalytic residues functions as a general base (Figure 5A,
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Upper, indicated by an asterisk) that assists in the attack of water whereas the
other one (Figure 5A, Lower) functions as a general acid aiding in the cleavage of
the glycosidic bond (Figure 5A). In the case of retaining enzymes, the distance
between the catalytic residues does not allow a direct assistance of water in the
catalytic reaction. Hence, a double displacement mechanism is used in which a
glycoprotein intermediate is formed. After release of the leaving group, a water
molecule enters the catalytic cleft, catalyzing the dissociation of the product from
the enzyme (Figure 5B).

Finally, glycoside hydrolases can be classified according to their amino-
acid sequence similarities (Henrissat, 1991). To date, this classification is used and
resulted at present in more than 100 families of glycoside hydrolases, a number
that is rapidly increasing. In addition to this sequence-based classification,
enzymes are grouped into superfamilies or clans, based on their fold and
specificity of catalytic residues (Henrissat and Davies, 1997). From the 106
glycoside-hydrolase (GH) families grouped to date, 22 families fall into three
different clans with a (β/α)8 barrel fold, making this structure the most common
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Figure 5. Schematic representation of the mechanisms of inverting and retaining glycosidases. (A) Single
displacement mechanism of inverting glycosidases. Two carboxylic acids are located opposite to each other in the
catalytic center of the enzyme. Positioning of the substrate and the water molecule in the catalytic center (1). General
base assistance in positioning the water molecule in the attack of the first carbon and general acid attack on the
glucosidic bond in (1,3)-α-glucan to generate an oxocarbenium-ion state (2). The glucosidic bond is hydrolyzed
leaving the general base and general acid in a protonated and de-protonated state, respectively (3). (B) Double
displacement mechanism of retaining glycosidases. Substrate binding and first nucleophile displacement (1),
generating a glycoprotein transition state (2). After replacement of the leaving group for water (2), the second
nucleophilic displacement takes place, thereby retaining the configuration of the anomeric carbon (3).The general
base carboxylic acid is indicated by an asterisk.
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in glycoside hydrolases (Henrissat and Bairoch, 1996). The first crystallized
enzyme that showed this fold was the chicken triosephosphate isomerase (TIM)
and therefore (β/α)8-barrels are often called TIM-barrels (Banner et al., 1975). The
classical TIM-barrel consists of eight (β/α) repeats in which parallel β-sheets,
located on the inside of the barrel are connected to eight α-helixes that form the
outside of the barrel via flexible loops (Wierenga, 2001). Although enzymes with
a (β/α)8 barrel structure catalyze totally unrelated reactions, the two carboxylic
residues that form the active site are always located at the top of the barrel at the
carboxyl-terminal ends of adjacent β-strands (Wierenga, 2001). These carboxylic
residues are involved in the direct hydrolysis of the glycosidic bond. 

Cell-Wall Glycosyltransferases
One of the first characterized glycosyltransferases with a role in cell-wall
metabolism is S. cerevisiae Gas1p. GAS1 encodes an abundant glycoprotein
grouped within family GH-72, which is secreted and anchored to the cell wall via
GPI-anchor remnants (Vai et al., 1990). Cells deleted for GAS1 become larger than
wild-type cells, loose their ellipsoidal shape, and are defective in bud maturation,
suggesting a defect in cell-wall metabolism (Popolo et al., 1993). Ram and
colleagues showed that this phenotype is caused by a significant decrease in (1,3)-
β-glucan levels in the cell wall. Due to a defect in (1,3)-β-glucan cross-linking,
these cells release (1,3)-β-glucan into the medium and become relatively
insensitive to (1,3)-β-glucanase digestion, but hypersensitive to calcofluor white
and nikkomycin Z, due to an increase in chitin levels (Ram et al., 1998; Kapteyn et
al., 1997; Popolo et al., 1997, 1993). Mouyna and colleagues confirmed the linking
activity of Gas1p by showing directly that Gas1p cleaves (1,3)-β-glucan and
subsequently transfers the newly generated reducing end to the non-reducing end
of another (1,3)-β-glucan chain via a (1,3)-β-linkage (Mouyna et al., 2000). 

Homologs of GAS1 have also been identified in S. pombe, C. albicans, and
A. fumigatus (Mouyna et al., 2005; Mühlschlegel et al., 1997; Hartland et al., 1996;
Saporito-Irwin, et al., 1995). Although the function of the S. pombe Gas1p is
unknown, the C. albicans and A. fumigatus Gas1p have been well characterized. C.
albicans encodes two GAS1 homologs, PHR1 and PHR2, which both show a pH
dependent expression pattern. PHR1 is specifically expressed in neutral
environments, whereas PHR2 is expressed in acidic environments (Mühlschlegel
et al., 1997; Saporito-Irwin et al., 1995). Cells deleted for both PHR1 and PHR2
show a strong decrease in growth rate but are viable (Mühlschlegel et al., 1997).
However, C. albicans cells deleted for PHR1 are severely compromised in their
ability to cause systemic infection in mice following intravenous injection (neutral
pH), whereas cells deleted for PHR2 are unable to cause vaginal infection (acidic
pH). This demonstrates that both genes are essential for virulence and that their
expression is differentially regulated dependent on the pH of the host niche (De
Bernardis et al., 1998). Detailed analyses of cells containing catalytically inactive
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Phr1p and Phr2p showed that cell-wall chitin levels in C. albicans are increased as
a compensatory mechanism for loss of Phr function. The hypothesis that the role
of Phr1p and Phr2p was similar to that of Gas1p in (1,3)-β-glucan cross-linking
(Fonzi, 1999), was later confirmed by Mouyna and colleagues who demonstrated
that both Phr1p and Phr2p possess (1,3)-β-transglucosidase activity (Mouyna et al.,
2000). A. fumigatus even encodes seven putative GAS1 homologs, two of which
(GEL1 and GEL2) have been characterized. Both genes can complement the S.
cerevisiae gas1Δ calcofluor hypersensitive phenotype, suggesting that Gel1p and
Gel2p play a similar role as Gas1p (Mouyna et al., 2005). Whereas deletion of GEL1
does not give a phenotype, deletion of GEL2 results in cell-wall morphology
alterations and reduced virulence in mice, demonstrating that not only enzymes
involved in glucan biosynthesis, but also glycosyltransferases involved in β-
glucan linking are important for virulence (Mouyna et al., 2005). 

A second putative glycosyltransferase is Bgl2p, first identified in S.
cerevisiae as an endo-(1,3)-β-glucan hydrolase (Klebl and Tanner, 1989; Mrša et al.,
1993). Later an additional enzymatic function was demonstrated for Bgl2p.
Whereas at low substrate concentrations Bgl2p was shown to function as a
glucanase, at high substrate concentration Bgl2p showed glycosyltransferase
activity. In this reaction, Bgl2p uses linear (1,3)-β-glucan as donor and acceptor,
linking the two chains via a 1,6-linkage, thereby generating a linear (1,3)-β-glucan
chain with a kink (Goldman et al., 1995). These data suggested a role for Bgl2p in
generating (1,6)-branches in (1,3)-β-glucan, indirectly assisting in the integration
of (1,3)-β-glucan in the network with (1,6)-β-glucan and chitin. Nevertheless,
deletion of BGL2 from the S. cerevisiae genome did not result in an apparent cell-
wall phenotype (Klebl and Tanner, 1989), while deletion of BGL2 homologues
from C. albicans or A. fumigatus genomes also did not result in drastic cell-wall
changes nor did it affect virulence. Together these data suggest that Bgl2p has
only a minor role in cell-wall morphogenesis (Sarthy et al., 1997; Mouyna et al.,
1998).

Cell-Wall Hydrolases
The chitinase Cts1p, which plays an integral part in the cell cycle of S. cerevisiae, is
one of the well-characterized hydrolases. Its enzyme activity was first described
by Correa and colleagues, who purified Cts1p from culture medium by substrate
affinity purification and studied its enzyme characteristics (Correa et al., 1982).
Based on the localization of the enzyme, these authors proposed a function for
Cts1p during cell separation. This was later confirmed by Kurunda and Robbins,
who showed that S. cerevisiae cells deleted for CTS1 formed large cell aggregates
(Elango et al., 1982; Kuranda and Robbins, 1991). 

A second glucanase involved in cell separation is Eng1p, an enzyme with
high specificity for (1,3)-β-glucosidic linkages, which like Cts1p is secreted at the
septum region during cell division. (1,3)-β-Glucanase activity was already
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detected in S. cerevisiae cells in 1971, in subcellular vesicular particles isolated from
budding cells (Matile et al., 1971; Cortat et al., 1972). Cells deleted for ENG1 are not
able to separate properly, like cts1Δ cells, indicating that in S. cerevisiae Eng1p may
be involved in the hydrolysis of (1,3)-β-glucan present in the cell-wall ring that
surrounds the septum, the septum edging (Baladrón et al., 2002). Interestingly,
both Eng1p and Cts1p in S. cerevisiae localize only to the daughter side of the
septum, suggesting that they are expressed only in the developing daughter bud,
but not in the mother cell (Baladrón et al., 2002; Colman-Lerner et al., 2001). Also
in pathogenic yeasts, such as the C. albicans and A. fumigatus, chitinases and (1,3)-
β-glucanases have been identified. C. albicans genome encodes four chitinases, one
of which is clearly involved in cell separation, and one (1,3)-β-glucanase (Esteban
et al., 2005; Dünkler et al., 2006). A. fumigatus encodes eleven proteins containing
family GH-18 chitinase-like domains and a least one (1,3)-β-glucanase. Their
cellular roles, however, remain unclear at present.

Also in S. pombe, two enzymes have been identified that are specifically
involved in the cell-separation process. Eng1p has been identified as an endo-(1,3)-
β-glucanase specifically involved in cell separation, since cells deleted for eng1 are
unable to separate, leading to clumping of the cells (Martín-Cuadrado et al., 2003).
Electron-microscopy analysis of eng1Δ mutant cells revealed that, whereas the
septum edging was hydrolyzed, remnants of the primary septum connecting both
daughter cells were still clearly present, demonstrating a function for Eng1p in the
hydrolysis of the (1,3)-β-glucan-rich primary septum (Chapter 2; Martín-
Cuadrado et al., 2003). In addition, we identified the (1,3)-α-glucanase Agn1p and
showed that this enzyme hydrolyzes cell-wall material in the septum edging,
thereby acting in concert with Eng1p to facilitate cell separation (Chapter 2).
Unlike the cell-separation hydrolases in S. cerevisiae, Eng1p and Agn1p do not
show an asymmetric localization at the septum region in S. pombe cells. Instead,
they both localize in a ring-like structure overlaying the division septum (Alonso-
Nuñez et al., 2005; Martín-Cuadrado et al., 2003).

Regulation of Cell Separation
Cell separation, like cytokinesis, is a highly regulated process, which requires the
timely expression, coordinated localization, and specific activity of cell-wall
hydrolytic enzymes at the septum region to ensure correct cell separation without
compromising cell integrity. Cell cycle-regulated expression of the cell-separation
hydrolases in S. pombe involves the forkhead transcription factors Sep1p and
Fkh2p, and C2H2-zinc-finger transcription factor Ace2p. Sep1p and Fkh2p are
members of a large family of transcription factors related to Drosophila FORK
HEAD, which contain a DNA-binding domain with a core structure of three α-
helixes flanked by two loops, or 'wings', termed a 'winged helix' (Carlsson and
Mahlapuu, 2002). Both Sep1p and Fkh2p are involved in the transcription
regulation of a set of genes expressed during mitosis, including transcription
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factor Ace2p (Rustici et al., 2004; Peng et al., 2005; Oliva et al., 2005). Although
deletion of either one of these transcription factors independently leads to loss of
periodic expression of mitotically induced genes, the deletion phenotypes are
quite distinct. Whereas deletion of sep1 leads to a strong cell-clumping defect,
indicating a role for Sep1p in the regulation of cell separation, deletion of fkh2
leads to a growth impairment, leading to elongated cells of which 19% show an
abnormal nucleus-septum ratio (Buck et al., 2004; Bulmer et al., 2004; Ribar et al.,
1997; Sipiczki et al., 1993). Overexpression of sep1 results in a lysis phenotype
independent on the presence of fkh2+, whereas the lysis phenotype of cells
overexpressing fkh2 depends on the presence of sep1+, demonstrating that Sep1p
functions independently from Fkh2p (Buck et al., 2004). The expression of S. pombe
sep1+ is not cell cycle regulated (Zhu et al., 2000; Rustici et al., 2004; Peng et al., 2005;
Oliva et al., 2005). Activation of the sep1+ homologs in S. cerevisiae is facilitated by
the binding of a cofactor, initiating transcription activation of the mitotic gene set
(Bähler, 2005). The mechanism by which Sep1p is activated in S. pombe during
mitosis is unknown and no clear homologs of the S. cerevisiae cofactor are encoded
by the S. pombe genome (Bähler, 2005). Genes regulated by Sep1p contain the
conserved nucleotide sequence motif 5’-GTAAACAA (or in reverse orientation
TTGTTTAC) in the promoter regions, functioning as an upstream activating
sequence (UAS) (Pic et al., 2000; Hollenhorst et al., 2001; Bähler, 2005). Although
not established yet, it is likely that Sep1p interacts directly with this nucleotide
sequence motif. 

One of the genes dependent on Sep1p in its cell-cycle expression is the
C2H2-zinc finger transcription factor Ace2p. (Rustici et al., 2004; Peng et al., 2005;
Oliva et al., 2005). Similar to other genes regulated by Sep1p, several copies of the
motif described above are present in the promoter of ace2+, which have shown to
be essential for normal ace2+ expression (Alonso-Nuñez et al., 2005). ace2+ encodes
a transcription factor that contains three zinc-fingers, which are small peptide
motifs with a characteristic architecture of a two-stranded antiparallel β-sheet and
one α-helix stabilized by a zinc ion (Iuchi, 2000). Cells deleted for ace2 also show
a strong clumping phenotype, like sep1Δ cells, demonstrating a role for Ace2p in
transcription regulation of genes involved in cell separation. Overexpression of
ace2 can compensate for the loss of sep1, implying that they function in a linear
pathway (Petit et al., 2005). The expression of ace2+ is highly upregulated during
septation and precedes the upregulation of genes directly involved in cell
separation, including eng1+ and agn1+. Importantly, these genes contain multiple
copies of the nucleotide sequence motif 5’-CCAGCC (or in reverse orientation
GGCTGG) in the promoter regions. Although not directly shown yet, Ace2p is
thought to bind this nucleotide sequence motif directly via its zinc-finger domains
to activate transcription of this set of genes. In Chapter 5, we describe the study on
the role of the three copies of this motif in agn1 promoter activation. 

In S. cerevisiae not only the transcription of ace2+ but also the localization
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of its gene product is regulated. Upon budding, Ace2p localizes to the cytosol of
the bud, where it remains until late in mitosis to translocate to the nucleus and
stimulate transcription of the target genes (Colman-Lerner et al., 2001). Specific
localization and activation of Ace2p in the daughter nucleus requires a complex
large signaling cascade termed RAM (regulation of Ace2p activity and cellular
morphogenesis), which includes the protein kinase Cbk1p and its interacting
partner Mob2p. Cbk1p and Mob2p are the most downstream effectors of the RAM
cascade, assumed to be directly involved in daughter-specific Ace2p localization
and activation (Nelson et al., 2003; Weiss et al., 2002; Colman-Lerner et al., 2001;
Bidlingmaier et al., 2001; Racki et al., 2000). Once localized to the daughter nucleus,
Ace2p activates the expression of target genes, including CTS1 and ENG1, in an
asymmetric fashion, such that after full maturation of the septum, secretion of the
cell-separation hydrolases takes place only from the daughter cell (Figure 6A, lane
3) (Baladrón et al., 2002; Colman-Lerner et al., 2001; Dohrman et al., 1996). The
asymmetric cell division in S. cerevisiae might find its physiological significance in
generating an Ace2p-dependent G1 delay in daughter cells, to allow for growth
prior to the initiation of DNA replication (Laabs et al., 2003). In S. pombe such a
mechanism is absent, because cells divide by medial fission generating two equal-
sized daughter cells. Hence, homologs of the RAM-like network that have been
identified in S. pombe, such as the S. pombe Cbk1p homolog Orb6p, show no
interactions with Ace2p (Kanai et al., 2005; Verde et al., 1998).

Not only the expression but also the localization and transport of the cell-
separation hydrolases is highly regulated and depend on a functional septin and
exocyst complex and the presence of some Rho GTPases. The septins are a group
of filament-forming proteins that are conserved from yeast to human. They were
first identified in S. cerevisiae and have been the subject of many studies (for a
review, see Douglas et al., 2005). Septins are GTP-binding proteins able to form
long filaments in vitro that localize as a ring at the cell cortex prior to bud
development (Figure 6A, 1). During bud emergence, the ring changes into an
hourglass-shaped structure at the bud neck, which upon cytokinesis splits into
two rings (Figure 6A, 2). The septin ring has been shown to function as a scaffold
during several cellular processes, including bud-site selection, mating, and
cytokinesis. In all cases, septins are alleged to function in recruiting key proteins
to the sites of action in these processes. During cytokinesis in S. cerevisiae, they
specifically function in correctly localizing chitin synthase Chs2p between the
septin rings. 

The exocyst is a multiprotein complex conserved among eukaryotes,
including humans, comprising eight core subunits in S. cerevisiae, which function
in tethering secretory vesicles to sites of membrane expansion (Hsu et al., 1999;
Lipschutz et al., 2002). The localization, but not the expression, of the individual
exocyst complex proteins is cell cycle dependent. Before bud emergence, the
exocyst localizes to the presumptive bud site, where it persists as a patch at the tip
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of the growing bud during polarized growth followed by a dispersed cell-surface
localization when the bud switches from polarized to isotropic growth (Figure 6A,
1 and 2) (Terbush et al., 1995). Upon cytokinesis the exocyst is relocalized very
quickly to the mother-daughter neck region where it is involved in vesicle-
mediated delivery of proteins involved in cytokinesis, and where it remains until
after cell separation (Figure 6A, lanes 3 and 4). One component of the exocyst,
Sec3p, localizes to the target membrane in an actin and septin-independent but
GTPase (Rho1p and Cdc42p)-dependent manner, where it is thought to function
as a landmark for the assembly of the other exocyst proteins (Finger et al., 1998;
Guo et al., 2001; Zhang et al., 2001). Another exocyst subunit, Exo70p, localizes
partially to the same sites as Sec3p in an actin-independent manner (Boyd et al.,
2004). Very recently, the crystal structures of the major domains of the human and
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S. cerevisiae Exo70p have been determined (Dong et al., 2005; Hamburger et al.,
2006). Despite their low amino-acid identity (25% in the most conserved domain),
both crystal structures show a very similar rod-like morphology consisting of
contiguous bundles of α-helices. Their elongated topology together with the
predicted elongated structure of the other exocyst components predicts that they
may form highly elongated structures, as is observed for the septins (Dong et al.,
2005). The last key regulator of the exocyst mentioned here is Sec4p, a GTPase that
locates exclusively to the secretion vesicle, linking it to the other exocyst subunits
(Guo et al., 1999). Upon recognition of the Sec4p-loaded vesicle by Exo70p and/or
Sec3p at the plasma membrane, the exocyst complex forms to bring the vesicle in
the vicinity of the plasma membrane. Finally the vesicle fuses with the target
membrane in a SNARE protein-dependent manner, thereby delivering its cargo. 

As mentioned above, GTPases have also been implicated in exocyst
function in S. cerevisiae. Cdc42p and Rho1p in the GTP-bound form both interact
directly with Sec3p, in that way establishing and maintaining the polarized
localization of the landmark exocyst subunit Sec3p (Zhang et al., 2001; Guo et al.,
2001). In addition, the membrane-bound Rho3p, one of the other Rho-family
members, binds directly to the exocyst subunit Exo70p in the GTP-bound form,
which regulates the localization and function of the exocyst complex (Robinson et
al., 1999; Dong et al., 2005). The most recent model for exocyst function proposes a
role for the Rho GTPases in correctly positioning landmark proteins Sec3p and
Exo70p, and in directing actin cable formation (via activation of the formins),
which is essential for the delivery of secretion vesicles (Boyd et al., 2004).

In S. pombe, seven septins have been identified, which in contrast to those in S.
cerevisiae are not involved in cytokinesis, but instead play an important role
during cell separation. In microscopy analysis, S. pombe septin filaments localized
to the medial region of the cell are visible as a ring that splits into two rings upon
septation and finally disperses after cell separation (Figure 6B, 2−4) (Tasto et al.,
2003; Berlin et al., 2003). Correct localization of the septins into a ring requires the
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anillin homolog Mid2p, a gene product whose expression is under control of
transcription factor Ace2p (Figure 7) (Petit et al., 2005; Alonso-Nuñez et al., 2005).
Mid2p colocalizes with the septins and forms two ring-like structures on either
side of the septum. In cells deleted for mid2, the septum is synthesized normally
but cell separation is not initiated, leading to a clumped phenotype (Tasto et al.,
2003; Berlin et al., 2003). In a study performed recently, it was nicely demonstrated
that the cell-separation hydrolases Eng1p and Agn1p are mislocalized in the
absence of an organized septin ring (Martín-Cuadrado et al., 2005).  Thus, Ace2p
regulates the expression of Mid2p, thereby regulating septin-ring stability. The
septins in turn target secretion of the cell-separation hydrolases to the septum
region (Figure 7) (Martín-Cuadrado et al., 2005).

Evidence for a role of the S. pombe exocyst in targeted vesicle secretion
came from a screen designed to identify temperature-sensitive mutants defective
in cytokinesis (Wang et al., 2002). At the restrictive temperature, mutant cells
showed a strong defect in cell separation and accumulated vesicles near the
septum region due to a defect in vesicle tethering to the plasma membrane. The
mutant protein was identified as Sec8p, a homolog of exocyst subunit Sec8p from
S. cerevisiae. In S. pombe, five exocyst subunits have been identified, which during
growth colocalize to the cell ends, the zones where growth actually occurs (Figure
6B, 1). At early mitosis, they first localize to the middle of the cell as a ring that
splits into two rings upon actomyosin ring contraction and septum synthesis
(Figure 6B, 2). Although analysis of the sec8-1ts phenotype at the restrictive
temperature showed a defect in cell separation, no defects in septum synthesis or
polarized growth were observed (Wang et al., 2002). This indicated that the
primary function of the exocyst in S. pombe could be similar to that of the septins
in tethering cell-separation hydrolases to the septum region. Evidence that
confirmed this hypothesis came from our own (unpublished) experiments and
those of the group of Sanchez (Martín-Cuadrado et al., 2005). We reasoned that, at
the restrictive temperature, the cell-separation hydrolases would be mislocalized
in the sec8-1ts mutant. To study this, we tagged endogenous eng1 at the 3'-end with
the ORF encoding green fluorescent protein (GFP-S65T) and investigated changes
in the pattern of Eng1p-GFP localization in sec8-1ts cells upon shift from the
permissive to the restrictive temperature (Figure 8). At permissive temperature,
Eng1p-GFP localized at the septum region during cell division, and remained
visible at the cell periphery of the 'new end' upon cell separation (Figure 8A).
However, after a shift to the restrictive temperature (Figure 8B), the septum
localization of Eng1p-GFP fluorescence disappeared from the septum, but
increased in cytoplasmic stuctures (Figure 8B, 90 min). Moreover, four hours after
the shift to the restrictive temperature, Eng1p-GFP was totally absent from the
septum region (Figure 8B, 240 min). These data demonstrate that the exocyst in S.
pombe is essential for the delivery of Eng1p to the septum region (Figure 7). Similar
observations were made by the group of Sanchez (Martín-Cuadrado et al., 2005).
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Although in humans a direct interaction between the septins and the exocyst
complex has been observed (Hsu et al., 1998), evidence for an interaction between
both protein complexes in yeast is lacking. 

In S. pombe, Rho GTPases also seem to play a role in exocyst function. Very
recently, Rho3p was identified as a multi-copy suppressor of the sec8-1
temperature-sensitive mutant that complemented the cell separation and lysis
phenotype at the restrictive temperature (Wang et al., 2002). Similar to sec8-1ts
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Figure 8. The exocyst is essential for targeted secretion of (1,3)-ββ-glucanase Eng1p. (A) sec8-1ts cells expressing
Eng1p-GFP grown at the permissive temperature showing a clear localization of Eng1p-GFP at the septum region
and cell periphery of the 'new end' during septum digestion (arrowheads). (B) Septum localization of Eng1p-GFP is
lost upon shift of sec8-1ts cells from the permissive (28°C) to the restrictive  (37°C) temperature. Note that 90 min after
the temperature shift, a weak Eng1p-GFP signal is still visible at the septum region (arrows). Bar, 10 μm.
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cells, cells deleted for rho3 show a cell-separation phenotype at high temperatures,
accumulate secretory vesicles in the cytoplasm during growth, and are unable to
maintain polarity in a formin-dependent manner (Table I). These defects could be
suppressed by expressing RHO3 from S. cerevisiae, indicating that Rho3p function
is conserved between these yeasts (Nakano et al., 2002). Also S. pombe Rho4p plays
a role in cell polarity and cell separation at higher temperatures (Nakano et al.,
2003; Santos et al., 2003). Cells deleted for rho4 also accumulate secretion vesicles
and are unable to hydrolyze the septum after cytokinesis, leading to a multi-
septated phenotype. The observation that the cell-separation hydrolases Eng1p
and Agn1p are mislocalized in a rho4Δ mutant suggests an interaction between
Rho4p and the exocyst required for targeted secretion (Santos et al., 2005);
however, a direct interaction has not been reported. In summary, the experimental
data described here demonstrate a high level of regulation of the cell separation
process requiring a large array of proteins for its efficient execution. 

(1,3)-α-Glucanases
(1,3)-α-Glucanases are a group of enzymes conserved among fungi and bacteria
that catalyze the hydrolysis of (1,3)-α-glucan. Based on their amino-acid sequence
similarities, the fungal enzymes are assigned a separate family of glycoside
hydrolases, GH-71 that is distinct from that of the bacterial (1,3)-α-glucanases.
Despite the increasing number of candidate family members, very few (1,3)-α-
glucanases have been enzymatically and functionally characterized.

Interest for the isolation and characterization of (1,3)-α-glucanases came
from the field of dental research. Upon colonization of the teeth, the bacterium
Streptococcus mutans expresses glycosyltransferases that synthesize a water-
insoluble but alkali-soluble glucan consisting of ~50% (1,3)-α-linkages, called
mutan (Walker and Hare, 1977). Mutan adheres to the teeth, thereby promoting
bacterial biofilm formation and providing a fermentable carbon source for
colonizing bacteria. Extensive growth of bacteria such as S. mutans can
subsequently lead to dental caries and gingivitis, an inflammation of gum tissue.
Given that (1,3)-α-glucanases are expected to inhibit plaque formation by
hydrolyzing mutan, surveys were initiated to identify, isolate, and characterize
so-called mutanases from different bacteria, including Flavobacterium,
Cladosporium resinae, Bacillus circulans, Streptomyces chartreuses, and Pseudomonas,
thereby aiming for the inclusion of purified mutanase in dentifrice (Ebisu et al.,
1975; Walker and Hare, 1977; Meyer and Phaff, 1980; Takehara et al., 1981;
Simonson et al., 1982). For mutanase from Pseudomonas it has been demonstrated
directly that mouth rinsing with purified enzyme indeed suppressed the
accumulation of dental plaque (Inoue et al., 1990). Hence the introduction of active
(1,3)-α-glucanases (mutanases) in dentifrice may be very attractive clinically and
commercially, and is currently further investigated by consumer healthcare
companies. 
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Also from the research field of crop protection, investigators have focused
on characterizing (1,3)-α-glucanases. Phytopathogenic fungi including
Magnaporthe grisea, Botrytis cinerea, and Sclerotinea sclerotiorum are economically
important, since they are able to affect development of crops such as rice, grapes,
beans, potatoes, and tomatoes. One of the major mycoparasites that is used for
biocontrol of these phytopathogenic fungi is Trichoderma harzianum, a fungus with
strong antifungal activity that secretes an array of enzymes involved in the
breakdown of fungal cell walls, including chitinases, (1,3)-β-glucanases, and the
(1,3)-α-glucanase MutAp, to penetrate the fungal host (Viterbo et al., 2002;
Guggenheim and Haller, 1972). MutAp has been first described by Guggenheim
and Haller, who purified the enzyme and demonstrated a highly specific activity
for (1,3)-α-glucan (Guggenheim and Haller, 1972). It is generally believed that
MutAp hydrolyzes (1,3)-α-glucan present in cell walls of (phytopathogenic) fungi
producing glucose (Ait-Lahsen et al., 2001); by this means, T. harzianum provides
itself with a fermentable carbon and energy source, while effectively weakening
the target cell wall. MutAp is a secreted ~80 kDa enzyme suggested to consist of
two domains, a ~50 kDa amino-terminal catalytic domain (residues 38−461)
connected via a Pro-Ser-Thr-rich linker (residues 462−550) to a ~30 kDa carboxyl-
terminal domain (residues 551−634). Fuglsang and colleagues proposed a
polysaccharide-binding function for the carboxyl-terminal domain and
corroborated their hypothesis with an experiment demonstrating direct binding of
a carboxyl-terminal MutAp fragment (residues 474−634) to insoluble mutan
(Fuglsang et al., 2000). However, this is the only study to date providing a direct
indication for the presence of a (1,3)-α-glucan-binding domain in a (1,3)-α-
glucanase. 

Besides S. pombe Agn1p and Agn2p, MutAp from Aspergillus nidulans is
the only (1,3)-α-glucanase described that plays an intrinsic role in the life cycle of
the fungus itself (Wei et al., 2001). A. nidulans can reproduce either asexually or
sexually, generating spores in specialized structures called conidiophores and
cleistothecia, respectively. Asexual conidiospore formation is initiated upon
nutrient deprivation, which induces growth of specialized hyphae apical from an
aerial branch, forming a stalk-like structure. Finally the tip of this stalk swells and
buds, in a process similar to S. cerevisiae pseudohyphal growth, generating several
layers of uninuclear buds, conidiospores (Adams et al., 1998). Much less is known
about the sexual cycle of A. nidulans. During sexual differentiation a different
specialized structure forms from the base of the conidiophore, which becomes
highly branched, forming a clump of hyphae. Some of these hyphae form
specialized cells called Hülle cells, whereas other form asci containing eight
ascospores. During vegetative growth of A. nidulans, (1,3)-α-glucan is
accumulated in the hyphae, most likely functioning as a reservoir for energy that
is consumed when the fungus undergoes sporulation (Zonneveld, 1972b). During
sporulation, a (1,3)-α-glucanase is expressed that mobilizes this glucan for use in 
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ascospore development (Zonneveld, 1972a; Wei et al., 2001). Wei and colleagues
showed more recently that carbon depletion is indeed required for the expression
of the (1,3)-α-glucanase AnMutAp. Interestingly, AnMutAp is expressed only in
Hülle cells, which lack glucan in their own cell walls. The present hypothesis is
that Hülle cells have a 'nurse cell' function to secrete MutAp, among other
enzymes, providing a fermentable carbon source for the development of the
ascospores (Wei et al., 2001). 
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Figure 9. Phylogenetic analysis of putative (1,3)-αα-glucanases. The most parsimonious tree of 4819 steps, with a
consistency index of 0.54 and retention index of 0.62. Sequences were acquired from GenBank or the Broad Institute
of Harvard and MIT (amino acid-sequence information in Table III) and aligned using MacClade version 4.08
(Maddison and Maddison, 2000). Most-parsimonious trees were generated from 1000 replicates of random taxon
addition and swapped using tree bisection-reconnection, equal weights, and a maximum of 5 trees held at each step,
using PAUP* 4.0b10 (Swofford, 2000). Bootstrap analysis (Felsenstein, 1985) with 100 replicates and 5 additional
sequence replicates was performed using random addition of taxa, equal weights, and TBR swapping, saving a
maximum of 5 trees at each replicate. Bootstrap support of 50−74% is considered to represent weak support, 75−89%
moderate support, and 90−100% strong support. The scale indicates the branch length corresponding to 50 amino
acid substitutions.
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With the increasing number of sequencing projects of fungal genomes, many
genes encoding putative (1,3)-α-glucanases can be identified in both
ascomyceteous and basidiomyceteous fungi. During this sequence analysis, I
unexpectedly identified two bacterial genes with significant amino-acid
similarities to fungal (1,3)-α-glucanases, KrAgn1, encoded by a Gram-positive
bacterium Kineococcus radiotolerans, and, BaAgn1, encoded by a Gram-negative
bacterium Burkholderia ambifaria AMMD, respectively (Figure 9, Table III). To
study the phylogenetic relationship of the (1,3)-α-glucanases, we compared the
amino-acid sequences using CLUSTAL W and MacClade and generated a first-
round unrooted maximum-parsimony phylogenetic tree by using PAUP.
Interestingly, the two bacterial sequences clustered well within the (1,3)-α-
glucanase family, suggesting that horizontal gene transfer of (1,3)-α-glucanase
genes may have occurred between bacteria and fungi. Whereas very little is
known about the growth conditions of K. radiotolerans, besides that it is isolated
from highly radioactive waste, more is known about B. ambifaria growth
conditions. B. ambifaria is an opportunistic Gram-negative bacterium belonging to
a large family of bacteria, the B. cepacia complex, which can cause life-threatening
infections in patients suffering from cystic fibrosis (Coenye et al., 2001, Lipuma,
2005). These bacteria also attracted considerable interest for their role in plant
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Species

Aspergillus fumigatus

Aspergillus nidulans

Aspergillus oryzae

Botrytis cinerea

Chaetomium globosum

Synopsisa

AfAgn1
AfAgn2
AfAgn3
AfAgn4
AfAgn5
AfAgn6
AfAgn7
AnMutA
AnAgn2
AnAgn3
AnAgn4
AnAgn5
AoAgn1
AoAgn2
AoAgn3
AoAgn4
AoAgn5
AoAgn6
AoAgn7
AoAgn8
BcAgn1
BcAgn2
BcAgn3
BcAgn3
BcAgn4
BcAgn5
BcAgn6
BcAgn7
BcAgn8
CgAgn1

Accession number of
GenBank or 
sequencing project

EAL85912
XP749530
EAL88047
EAL87779
EAL86742
EAL85399
EAL85367
CAC48025
EAA59998
EAA58990
EAA64374
EAA64724
BAE63239
BAE56438
BAE64542
BAE57518
BAE59070
BAE55589
BAE62804
BAE63147
BC1G_02738 (BI)
BC1G_06898 (BI)
BC1G_07058 (BI)
BC1G_05539 (BI)
BC1G_10501 (BI)
BC1G_14255 (BI)
BC1G_13659 (BI)
BC1G_13057 (BI)
BC1G_10354 (BI)
EAQ83144

Table II. Amino acid sequences used in the CLUSTAL W alignment

aSynopses comprise the first letter of the genus and its epithet of the relevant organism followed by the abbreviation
Agn if the function is unknown (except for S. pombe), or MutA if the abbreviation is published. Multiple homologs
are given a serial number. Agn sequences obtained from Broad Institute of Harvard and MIT are indicated by (BI).

Species

Cryptococcus neoformans
Serotype A

Cryptococcus neoformans
Serotype D

Magnaporthe grisea
Neurospora crassa

Penicillium funiculosum
Penicillium purpurogenum
Schizosaccharomyces pombe

Sclerotinia sclerotiorum

Trichoderma asperellum

Kineococcus radiotolerans
Burkholderia ambifaria

Synopsisa

CnaAgn1
CnaAgn2
CnaAgn3
CnaAgn4
CndAgn1
CndAgn2
CndAgn3
CndAgn4
MgAgn1
NcAgn1
NcAgn2
NcAgn3
NcAgn4
PfAgn1
PpMutA
SpAgn1
SpAgn2

SsAgn1
SsAgn2
SsAgn3
SsAgn4
SsAgn5
SsAgn6
SsAgn7
SsAgn8
TaMutA

KrAgn1
BaAgn1

Accession number of
GenBank or 
sequencing project

CNAG_02850.1 (BI)
CNAG_03470.1 (BI)
CNAG_06411.1 (BI)
CNAG_01065.1 (BI)
AAW42417
AAW47079
AAW43152
AAW44487
EAQ70801
EAA29582
EAA33915
EAA30893
EAA31326
CAD48301
AAF27912
CAG47121
AAT84065

SS1G_09861 (BI)
SS1G_11765 (BI)
SS1G_02347 (BI)
SS1G_01494 (BI)
SS1G_04138 (BI)
SS1G_05784 (BI)
SS1G_09125 (BI)
SS1G_00516 (BI)
CAH04880

EAM75441
EAO48173
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biocontrol, as they are common inhabitants of plants rhizospheres, a zone of
biological activity around roots, where they function as antifungal agents (Coenye
et al., 2001) by expressing (1,3)-α-glucanases, among other enzymes.

The analysis also revealed high sequence similarities between the eight
(1,3)-α-glucanases of the phytopathogenic ascomyceteous fungi B. cinerea and S.
sclerotiorum (Figure 9). Similar to the (1,3)-α-glucanases, endo-polygalacturonases
of these fungal species also show high similarities, indicating that these fungi are
closely related (Kasza et al., 2004). Our analysis also shows that the individual
(1,3)-α-glucanases from these fungi cluster throughout the whole phylogenetic
tree, indicating that speciation may have occurred after the duplication of these
genes in an ancestral species. 

Interestingly, most genomes analyzed in our study expressed multiple
(1,3)-α-glucanases. Similar to S. pombe Agn1p and Agn2p, different isoenzymes
may have evolved to function in different processes or different environments.
Whether the different (1,3)-α-glucanases play a role at different stages of the life
cycle of these fungi by degrading (1,3)-α-glucan to allow for cell-wall remodeling
or whether they play a role in providing a fermentable carbon source from the
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Species

Trichoderma viride
Trichoderma harzianum

Trichoderma asperellum

Aspergillus nidulans

Schizosaccharomyces
pombe

Schizosaccharomyces
pombe
Endomyces spp.

Cryptococcus neoformans

Rhodotorula spp.

Schizophyllum commune

Cladosporium resinae

Zygosporium geminatum
Flavobacterium spp.
Pseudomonas spp.
Bacteroides oralis

Bacillus circulans

Streptomyces chartreuses

Taxonomic class

euascomycete
euascomycete

Euascomycete

Euascomycete

Archaeascomycete

Archaeascomycete

Hemiascomycete

Basidiomycete

Basidiomycete

Basidiomycete

Ascomycete

Ascomycete
Bacteroidetes
Proteobacteria
Bacteroidetes

Gram-pos.

Gram-pos.

Mass
(kDa)

47
75

75

-

~78
(myc13-
tagged)
~50 (his6-
tagged)
-

-

-

-

-

-
65
67
-

160

68

PH opt

4.5
3.5-5.5

5

5-6

3

6

-

-

-

6 and 8

5

6
6.3
5
-

7

5.5−6

Temp
optimum
°C

50
40−55

45−55

50

40

40

-

-

-

-

50

30
42
56
-

50

55

Mode of
action

endo
endo

exo

exo

endo

endo

-

-

-

-

exo

-
endo
-
-

endo

endo

Details

-
- Processive mechanism
- inverting enzyme

-

Expressed during
sporulation
Chapter 2

Chapter 3

Activity measured in
cell-wall fractions
Activity measured in
cell-wall fractions
Activity measured in
cell-wall fractions
Expressed during
autolysis
-

-
-
-
-

-

Measured in culture
filtrate
cytoplasmic localization

References
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hydrolysis of host (1,3)-α-glucan (or both) remains unclear. Importantly, the
occurrence of (1,3)-α-glucan synthase encoding genes (Supplementary Table S1,
Chapter 7) in the analyzed genomes correlates strongly with the presence of (1,3)-
α-glucanase encoding genes (Table III, Chapter 1), which suggests that intrinsic
roles for these enzymes at some stages of the life cycle of these fungi seems likely.
Given that both C. neoformans and Aspergilli contain cell-wall (1,3)-α-glucan and
also encode (1,3)-α-glucanase homologs, as well as one or more α-glucan synthase
homologs (Chapter 7), further investigations into these enzymes in relation to
fungal pathogenicity is warranted. 

Outline of the thesis
Due to the increase in fungal infections and the low number of effective
antifungals available, there is an increasing need for new antifungal drugs. One of
the drug targets is the fungal cell wall, an extracellular matrix quite distinct from
that in humans. The cell wall protects the fungal cell from lysis by resisting its
internal osmotic pressure and establishes and maintains cell shape. In this study
we use the fission yeast Schizosaccharomyces pombe to study cell-wall metabolism
during the cell cycle. This unicellular eukaryote is an excellent model organism to
study the cell wall, since its genome has been fully sequenced and mutants
affected in cell-wall metabolism can be engineered. To allow for fungal growth,
the cell wall must be remodeled continuously. Moreover, upon cell division in S.
pombe, the cell wall must be hydrolyzed at cell-division sites to facilitate the
physical separation of the daughter cells without loosing cell-wall integrity. This
requires a tight collaboration between cell-wall synthesizing and cell wall-
hydrolyzing enzymes. α-Glucan is one of the main cell-wall polysaccharides that
together with β-glucan constitute the rigid framework of the S. pombe cell wall.
Unlike β-glucan, very few studies have focused on α-glucan metabolism. Our aim
is to study the enzymes involved in the biosynthesis and hydrolysis of cell-wall α-
glucan and gain more insight into their precise enzymatic functions. Better
understanding of the molecular mechanisms involved in the metabolism of the
fungal cell wall may aid in the future design of new specific antifungal drugs. 

Based on the amino-acid sequence of the (1,3)-α-glucanase MutAp from
the mycoparasitic fungus T. harzianum, Fuglsang and colleagues identified two
putative (1,3)-α-glucanases encoded by the S. pombe genome (Fuglsang et al.,
2000). We studied both enzymes and show in Chapter 2 that one of these, Agn1p,
functions as an endo-(1,3)-α-glucanase, which together with the (1,3)-β-glucanase
Eng1p (Martín-Cuadrado et al., 2003) is involved in the hydrolysis of cell-wall
material that connect both daughter cells, the division septum, thereby facilitating
cell separation. In addition, we characterize Agn2p as an enzyme involved in
ascus-wall hydrolysis during the sporulation process. These data show for the first
time that α-glucan hydrolysis plays an integral role during the S. pombe life cycle. 
The availability of numerous fungal genome sequences allowed us to identify a
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highly conserved amino-acid region in the Agn1 polypeptide containing putative
catalytic amino acids. A study on two putative catalytic inactive Agn1p mutants
is presented in Addendum 1. We show that both mutants are expressed and
secreted by S. pombe cells, but, in contrast to wild-type Agn1p, they are not
released into the medium but locate to the cell wall-enriched fraction. In contrast
to wild-type Agn1p, both Agn1p mutants were unable to complement the
clumping phenotype of the agn1 deletion mutant, indicating that both mutants
may be catalytically inactive.

The enzymatic characterization of Agn2p is described in Chapter 3. We
show that Agn2p acts as an endo-(1,3)-α-glucanase that like Agn1p produces
predominantly (1,3)-α-glucan pentasaccharides upon incubation with (1,3)-α-
glucan. We show that Agn2p functions during sporulation in S. pombe, where it
specifically hydrolyzes (1,3)-α-glucan present in the old mother cell wall, the ascus
wall, to release the individual ascospores. Chapter 4 presents an in-depth study
on the catalytic mechanism of the (1,3)-α-glucanase MutAp from T. harzianum. We
demonstrate that MutAp hydrolyzes (1,3)-α-glucan with inversion of
configuration and produces glucose as the main reaction product by using a
processive endo-catalytic mode of action.

In S. pombe, cell separation requires the tight cell cycle-dependent
synthesis of the (1,3)-α-glucanase Agn1p, whose expression is proposed to be
regulated by the transcription factor Ace2p. Recently, genome-wide transcription
profiling experiments showed a correlation between the expression of ace2+ and
the presence of a putative Ace2p transcription-factor binding site in the promoter
region of agn1+. Using a novel plate-based assay we show in Chapter 5 that this
motif functions as an upstream activating sequence (UAS) for agn1 promoter
activity. In addition, we show that only two of the three copies of this motif in the
agn1 promoter function as a UAS and propose a model for Ace2-regulated agn1
promoter activity. In Addendum 2 we show that our plate-based reporter system
also functions with budding yeast S. cerevisiae as host for expression, thereby
providing a very efficient tool to perform comparative studies on transcription
regulation of genes in both model yeasts. 

In Chapter 6, a study is presented on the chitinase-like protein Cts1p and
its putative role during cell separation in fission yeast. Finally, in Chapter 7 we
describe a study on the role of the multi-domain enzyme Ags1p in α-glucan
synthesis in fission yeast. We show that the intracellular synthase domain
synthesizes (1,4)-α-glucan as part of the cell-wall α-glucan essential for
maintaining cell integrity.
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Abstract

Cell division in the fission yeast Schizosaccharomyces pombe yields two equal-sized
daughter cells. Medial fission is achieved by deposition of a primary septum
flanked by two secondary septa within the dividing cell. During the final step of
cell division, cell separation, the primary septum is hydrolyzed by an endo-(1,3)-β-
glucanase, Eng1p. We reasoned that the cell-wall material surrounding the
septum, referred to here as the septum edging, must also be hydrolyzed before
full separation of the daughter cells can occur. As the septum edging contains
(1,3)-α-glucan, we investigated the cellular functions of the putative (1,3)-α-
glucanases Agn1p and Agn2p. Whereas agn2 deletion results in a defect in
endolysis of the ascus wall, deletion of agn1 leads to clumped cells that remained
attached to each other by septum-edging material. Purified Agn1p hydrolyzes
(1,3)-α-glucan predominantly into pentasaccharides, indicating an endo-catalytic
mode of hydrolysis. Furthermore, we show that the transcription factors Sep1p
and Ace2p regulate both eng1+ and agn1+ expression in a cell-cycle-dependent
manner. We propose that Agn1p acts in concert with Eng1p to achieve efficient
cell separation, thereby exposing the secondary septa as the new ends of the
daughter cells. 
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Introduction

Cell separation is the final step of the cell cycle in yeasts and results in an
irreversible separation of two independent cells, a mother and daughter cell in
budding yeasts or two equal-sized daughter cells in fission yeasts. Cell separation
occurs after division of the nucleus (mitosis) and division of the cytoplasm
(cytokinesis) have successively been completed. In yeasts, cytokinesis involves
formation of a division septum, which is synthesized within the confines of the
dividing cell. Subsequent cell separation involves partial dissolution of this
division septum. Importantly, the division septum is composed mainly of the
same types of polysaccharides that constitute the structural framework of the
extracellular matrix (cell wall), which maintains cellular integrity (Klis et al., 2002;
Hochstenbach et al., 1998). The molecular mechanisms that are responsible for
dissolution of the division septum while maintaining structural integrity are not
understood. An attractive model yeast to study this question is the fission yeast
Schizosaccharomyces pombe, because its complete genome has been sequenced and
mutants with defects in cell separation can be isolated or engineered.

Septum formation requires two separate but interdependent processes,
namely formation of a contractile actomyosin ring in the equatorial plane of the
dividing cell and deposition of the septum (Chang, 2001; McCollum and Gould,
2001). At the end of anaphase, after formation of the actomyosin ring and
segregation of the sister chromatids, a signaling cascade called the septation
initiation network in S. pombe initiates constriction of the actomyosin ring and
concomitant synthesis of the primary septum in a centripetal direction (McCollum
and Gould, 2001; Le Goff et al., 1999). In S. pombe, the primary septum consists of
linear (1,3)-β-glucan, and its synthesis involves the (1,3)-β-glucan synthase Cps1p
(Humbel et al., 2001; Liu et al., 1999), whereas in the budding yeast Saccharomyces
cerevisiae, the primary septum consists of chitin, and its synthesis involves the
chitin synthase Chs2p (Cabib et al., 2001; Roh et al, 2002). Secondary septa are
deposited at both sides of the growing primary septum, starting at the base and
becoming progressively thicker as the primary septum develops (Johnson et al.,
1973).

The molecular mechanisms of cell separation and their regulation are
poorly understood. In S. cerevisiae, an endo-chitinase, ScCts1p, is involved in
hydrolysis of the primary septum, while an endo-(1,3)-β-glucanase, ScEng1p, has
also been shown to be involved in septum hydrolysis (Kuranda and Robbins,
1991; Baladrón et al., 2002). Expression of both hydrolases is regulated by a
cascade of transcription factors including two members of the HNF-3/forkhead
family, ScFkh1p and ScFkh2p (Zhu et al., 2000), in addition to the C2H2 zinc-finger
transcription factor ScAce2p (Dohrman et al., 1992; Spellman et al., 1998; Baladrón
et al., 2002). In S. pombe, a homolog of ScFkh1p and ScFkh2p, as well as a homolog
of ScAce2p, have been identified, denoted Sep1p and Ace2p, respectively (Martín-
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Cuadrado et al., 2003; Sipiczki et al., 1993; Ribár et al., 1997). Deletion of sep1 or ace2
caused a severe cell-separation defect with cells displaying a hyphal morphology.
Furthermore, Martín-Cuadrado et al. (2003) showed recently that S. pombe
expresses a homolog of ScEng1p, Eng1p, which is involved in hydrolysis of the
primary septum and is regulated by Ace2p. Whether eng1+ expression is regulated
also by Sep1p is not known. 

Cell separation must involve not only dissolution of the primary septum
but also dissolution of the cell-wall material that surrounds the septum, referred
to here as the septum edging to distinguish it from the septum proper. Because the
septum edging is cell-wall material of the dividing cell, it consists mainly of (1,3)-
β-glucan and (1,3)-α-glucan. Although dissolution of the primary septum is
known to involve the (1,3)-β-glucanase Eng1p, it remains unclear how the septum
edging is dissolved. As (1,3)-α-glucan is present in the septum edging but absent
from the primary septum, we studied two genes encoding putative (1,3)-α-
glucanases, denoted agn1+ (systematic gene name, SPAC14C4.09) and agn2+

(SPBC646.06c). We demonstrate that Agn1p functions as an endo-(1,3)-α-glucanase
that hydrolyzes septum-edging material, and we conclude that localized
hydrolysis of cell-wall α-glucan plays an integral part in the cell cycle of S. pombe.

Materials and Methods

Strains and Culture Media
Mutant strains were derived from S. pombe wild type, 972 (Table 1). Cells were
grown in YEA medium (Hochstenbach et al., 1998) or in EMM2 medium (Moreno
et al., 1991) with addition of 250 mg/l adenine sulfate (EMMA). GEMMA was
EMMA with addition of 2% (w/v) sodium D-gluconic acid instead of D-glucose,
adjusted to pH 4.0 using 2 M phosphoric acid. In a conjugation and sporulation
assay, cells were crossed on agar plates containing ME medium at 25°C for two
days, and treated with iodine vapor to test for ascospore formation. Diploids were
selected on EMM2 medium (Moreno et al., 1991).

DNA Sequencing
For agn1+ and agn2+ sequencing (GenBank accession numbers AY626901 and
AY626902, respectively), total RNA was isolated from vegetatively grown 972
cells or sporulating ND080 cells, respectively (Koerkamp et al., 2002). cDNA of a
part of the agn1+ 5'-untranslated region, the open reading frame (ORF) and 3'-
untranslated region was synthesized by polymerase chain reaction (PCR), using
pfu polymerase (Stratagene). For agn2+ sequencing, cDNA of the agn2+ 5'-
untranslated region, ORF, and 3'-untranslated region was synthesized in three
separate PCR amplification reactions. These PCR amplification products were
used for direct DNA sequencing (BDT sequencing kit, Applied Biosystems). The
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sequence of the 3'-end of the agn2 ORF was also confirmed by direct DNA
sequencing of several PCR amplification products obtained for the region of
interest using genomic DNA from strain 972 as template (data not shown).

Table I. S. pombe strains used in this study

Strain* Genotype

972 h−

cdc10ts h− cdc10-129
cdc25ts h− cdc25-22
FYC11 h− ade6-M210
FYC15 h+ ade6-M216
MBY580 h− cps1-191 ade6-M210 leu1-32 ura4D18 lys1-131
ND001 h− agn1Δ::kanMX4
ND003 h− agn1::13myc-kanMX6
ND005 h− eng1Δ::kanMX4
ND007 h− eng1::13myc-kanMX6
ND019 h− agn1Δ::kanMX4   eng1Δ::kanMX4
ND028 h− agn2Δ::kanMX4 
ND049 h− cdc25-22  agn1::13myc-kanMX6
ND051 h− cdc25-22  eng1::13myc-kanMX6
ND054 h− cdc10-129  agn1::13myc-kanMX6
ND061 h− agn2::13myc-kanMX6
ND064 h− ace2Δ::kanMX4 
ND080 h−/h+ ade6-M210/ade6-M216
ND084 h−/h+ agn1Δ::kanMX4/agn1Δ::kanMX4  ade6-M210/ade6-M216
ND088 h−/h+ agn2Δ::kanMX4/agn2Δ::kanMX4  ade6-M210/ade6-M216
ND102 h− sep1Δ::kanMX4
ND111 h− cdc25-22  ace2Δ::kanMX4  agn1::13myc-kanMX6
ND132 h− ace2Δ::kanMX4  agn1::13myc-kanMX6
ND136 h− ace2Δ::kanMX4  eng1::13myc-kanMX6
ND140 h− sep1Δ::kanMX4  agn1::13myc-kanMX6
ND144 h− sep1Δ::kanMX4  eng1::13myc-kanMX6 
ND148 h− ace2Δ::kanMX4  sep1Δ::kanMX4
ND154 h− cps1-191  agn1::13myc-kanMX6
ND172 h− agn2::GFPS65T-kanMX6  ade6-M210 
ND218 h− ace2Δ::kanMX4  sep1Δ::kanMX4  eng1::13myc-kanMX6
ND234 h− agn1Δ::kanMX4   ura4-D18  [pND02] 
ND235 h− agn1Δ::kanMX4  ura4-D18 [pSE01]
ND236 h− ura4-D18 [pND02]

*All strains were constructed for this study, except strain 972 (P. Nurse), strains FYC11, FYC15, cdc10ts, and cdc25ts (R.

Dahr), and strain MBY580 (M. Balasubramanian). 

Disruption and Tagging
Using a PCR-mediated strategy (Bähler et al., 1998), ORFs of agn1+ (systematic
gene name, SPAC14C4.09), agn2+ (SPBC646.06c), eng1+ (SPAC821.09), ace2+

(SPAC6G10.12C), and sep1+ (SPBC4C3.12), were replaced by a loxP-KanMX4-LoxP
cassette (pUG6, Güldener et al., 1996). agn1 and eng1 ORFs were tagged at their 3'-
ends with the 13myc-kanMX6 cassette (Bähler et al., 1998). Hot-start PCR
amplification products were obtained in 28 cycles using Taq polymerase
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(TaKaRa). Transformations were performed using a lithium-acetate method
(Bähler et al., 1998) and cells were allowed to recover for 30 h at 28°C, followed by
replica plating onto YEA plates containing 200 μg/ml Geneticin (Gibco). PCR
analyses were used to verify correct integration and tetrad analyses were used to
confirm single integration events. Double and triple mutants were generated
using tetrad dissection and genotypes were rechecked by PCR analyses.

Cloning and Overexpression of agn1
For overexpression of agn1 from its chromosomal locus, a kanMX6-3nmt1 cassette
was integrated in front of the ORF by homologous recombination (Bähler et al.,
1998). For agn1-his overexpression from a plasmid, the agn1 ORF was amplified
from genomic DNA of strain 972 and cloned into plasmid pSE01, a pREP4-based
plasmid (Maundrell, 1993) containing sequences encoding a protease X cleavage
site followed by 6 histidines. After verifying the agn1 ORF sequence, the resulting
plasmid, pND02, was transformed into a strain with genotype h− ura4-D18 using
a lithium acetate method (Akada et al., 2000). 

Synchronization and Immunoblotting
For synchronization, cdc25-22ts and cdc10-129ts strains were grown at 25°C to an
optical density at 595-nm wavelength (OD595) of 0.3 and shifted to 37°C for 4 h.
Then, cells were released into the cell cycle by quick transfer to 25°C. Septation
index was determined by calculating the percentage of cells with a septum after
calcofluor-white staining (Fluostain I; Sigma F-0386). Cells were taken up in 100
mM Tris-HCl, pH 7.6 containing 1 mM PMSF and broken with washed glass
beads using a FastPrep 120 (Bio101) at speed 5.5 for 2 intervals of 10 sec. Protein
concentrations were measured using the Bradford method with BSA as a
standard. Total cell lysates were resolved at 6−8 μg of protein per lane on an
SDS/8% polyacrylamide gel under reducing conditions, blotted onto
nitrocellulose membranes (0.45 μm, Schleicher and Schuell), and probed with anti-
myc monoclonal antibody 9E10 (Evan et al., 1985) and an anti-α-tubulin antibody
(Sigma T-5168). Blots were incubated with horse-radish peroxidase-conjugated
goat-anti-mouse IgG (BioRad) and developed by chemiluminescence (ECL kit,
Amersham). For synchronization at S phase, cells were grown to an optical
density at 595 nm wavelength (OD595) of 0.5 and incubated with with hydroxyurea
at a concentration of 11 mM at 28°C for 4 h. Then, cells were released into the cell
cycle by extensive washing with preheated EMMA medium. Cycloheximide (final
concentration of 2 mM) was added to block new protein synthesis.

Microscopy 
For light microscopy, cells were stained with calcofluor white and embedded in
2% (w/v) low-melting agarose. Micrographs were obtained using an Axiophot 2
microscope (Zeiss) equipped with a Coolsnap HQ digital camera (Photometrics).
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To generate agn1Δ::kanMX4 FW

To generate agn1Δ::kanMX4 REV

To amplify agn1Δ::kanMX4 FW 
To amplify agn1Δ::kanMX4 REV
To amplify agn1Δ::kanMX4 FW
To amplify agn1Δ::kanMX4 REV
To amplify agn1Δ::kanMX4 FW
To amplify agn1Δ::kanMX4 REV
To amplify kanMX4 FW
To amplify kanMX4 REV
To generate agn2Δ::kanMX4 FW

To generate agn2Δ::kanMX4 REV

To amplify agn2Δ::kanMX4 FW
To amplify agn2Δ::kanMX4 FW
To generate agn1::13myc-kanMX6 FW

To generate agn1::13myc-kanMX6 REV

To amplify agn1::13myc-kanMX6 FW
To amplify agn1::13myc-kanMX6 REV
To amplify agn1::13myc-kanMX6 FW
To generate eng1Δ::kanMX4 FW

To generate eng1Δ::kanMX4 REV

To amplify eng1Δ::kanMX4 FW
To amplify eng1Δ::kanMX4 REV
To generate eng1::13myc-kanMX6 FW

To generate eng1::13myc-kanMX6 REV

To amplify eng1::13myc-kanMX6 FW
To amplify eng1::13myc-kanMX6 FW
To generate ace2Δ::kanMX4 FW

To generate ace2Δ::kanMX4 REV

To amplify ace2Δ::kanMX4 FW
To amplify ace2Δ::kanMX4 REV
To generate agn2::GFP(S65T)-kanMX6 FW

To generate agn2::GFP(S65T)-kanMX6 REV

To amplify agn2::GFP(S65T)-kanMX6 FW
To amplify agn2::GFP(S65T)-kanMX6 REV
To generate sep1Δ::kanMX4 FW

To generate sep1Δ::kanMX4 REV

To amplify sep1Δ::kanMX4 FW
To amplify sep1Δ::kanMX4 REV
To sequence agn1+ FW
To sequence agn1+ FW
To sequence agn1+ FW
To sequence agn1+ FW
To sequence agn1+ REV
To sequence agn1+ REV
To sequence agn1+ REV
To sequence agn1+ REV
To sequence agn1+ REV
To sequence agn2+ FW

To sequence agn2+ FW
To sequence agn2+ FW
To sequence agn2+ FW
To sequence agn2+ FW
To sequence agn2+ REV
To sequence agn2+ REV
To sequence agn2+ REV
To sequence agn2+ REV
To sequence agn2+ REV
To sequence agn2+ REV
3'-RACE agn1+ and agn2+ REV
3'-RACE agn1+ and agn2+ REV
5'-RACE agn2+ REV
5'-RACE agn2+ REV
5'-RACE agn2+ FW
5'-RACE agn2+ FW
3'-RACE agn2+ FW
agn1+ 5'-RT-PCR FW
agn1+ 5'-RT-PCR FW
agn1+ 5'-RT-PCR REV
agn1+ 5'-RT-PCR REV
To sequence agn2+ FW
To sequence agn2+ REV

Supplemental Table SI. Primers used in this study
Primer       Sequence Purpose

ND009

ND010

ND011
ND012
ND013
ND014
ND017
ND018
ND019
ND020
ND021

ND022

ND023
ND024
ND043

ND044

ND045
ND047
ND049
ND063

ND064

ND065
ND066
ND069

ND070

ND071
ND072
ND145

ND146

ND147
ND148
ND149

ND150

ND151
ND152
ND153

ND154

ND155
ND156
NDseq002
NDseq003
NDseq004
NDseq005
NDseq006
NDseq007
NDseq008
NDseq009
NDseq010
NDseq014
NDseq015
NDseq016
NDseq017
NDseq018
NDseq020
NDseq021
NDseq022
NDseq023
NDseq024
NDseq025
AdH001
AdH002
AdH013
AdH014
AdH015
AdH016
AdH022
AdH036
AdH037
AdH040
AdH041
AdH042
AdH043

5'-GACAAAGGAAATTCGCACATCTAAAGCATCATTCTTCAAAGTATATATAAACCTTG
TTGTATTTTATATATCGGAAAAAAGCATAGGCCACTAGTGGATCTG-3'
5'-ATCGAGCAGACCTTCCAGATGCTGTACGTTATATCCTCCCAGACCGATTATAATAA
ATAACAAAAAGCAAAACTAGAAGTCCAGCTGAAGCTTCGTACGCTG-3'
5'-CGTTGATACTGACTTATCGC-3'
5'-CTGTCGATTCGATACTAACG-3'
5'-GGGCCTCCATGTCGCTG-3'
5'-ACAAATATATAGACCGGATGG-3'
5'-AGAGTGGCCATTAACTATGAAGCTTGTGCTATTTCTGGTTCTT-3'
5'-CTCTGTCGACAAAGTACAGAACACCTGTATAGGCATT-3'
5'-TTCCGACTCGTCCAACATC-3'
5'-TACTCCTGATGATGCATGGT-3'
5'- CATTTGAAATATAGTGTATATATATATTTATAGATATATATAATTACGTGTATCGCT
AATTCATTTGTCAGTATTGTTGCATAGGCCACTAGTGGATCTG-3'
5'-TGCCACCAAAAAGTAATGTAAACTTCAGTCATACCATCAGGATTGACTAATTTTGA
TCTCCACTTTTAGTTTATGGAACCAGCTGAAGCTTCGTACGCTG-3'
5'- ACAATTGTTGAGCACCGCC-3'
5'- TACCACTTCGTTGGAGTTTG-3'
5'-TAGCCTCTGGAACGGGACCCGAAATTGTTGATTCCTTGTCGATATATAATTTTAATG
CCTATACAGGTGTTCTGTACTTTCGGATCCCCGGGTTAATTAA-3'
5'-GAGCAGACCTTCCAGATGCTGTACGTTATATCCTCCCAGACCGATTATAATAAATA
ACAAAAAGCAAAACTAGAAGTCTAGAATTCGAGCTCGTTTAAAC-3'
5'-CAAACATTCAGTGGTGTTCC-3'
5'-CGAATTCACTAGTGATTGATTA-3'
5'-CAAGAACTTGTCATTTGTATAG-3'
5'-AAATCTTTTATTTTCTCTGTCTTTCCTTTTAGTCATTTTTGGTTTGCTATCTTTTCACTT
ACTTTATTGTTAGGAACTGCATAGGCCACTAGTGGATCTG-3'
5'-ATACAAGCAATAAGTATAGTACATCTGAAGAAATCCAAAAAAGCACCTCGCAATA
CAATTCCGGACTTTGGTCATGCCCAGCTGAAGCTTCGTACGCTG-3'
5'-GGATATTGGAGTCTAATAAATC-3'
5'-CTATAAGTCTAAAGGTTCACAT-3'
5'-GGTCTCCATTGTTAGCTTGTGGTAATGCGTGCTATGACTCCTCTATATACGGTTGCTC
CAATGGTGCACTTGTTGCTGCTCGGATCCCCGGGTTAATTAA-3'
5'-ATACAAGCAATAAGTATAGTACATCTGAAGAAATCCAAAAAAGCACCTCGCAATA
CAATTCCGGACTTTGGTCATGCTTAGAATTCGAGCTCGTTTAAAC-3'
5'-ACGGAGTGGATTACTTGAG-3'
5'-CGGCCTAGACGATATCCAA-3'
5'-AGTCATTTCTCTCATCGTTCTCTCCTTGATTTCTCTACGCATTGCACTAGATACTCGCT
ATCCTAAGTAAACAAGACAGCATAGGCCACTAGTGGATCTG-3'
5'-AAATTAAAAAATCCCAAAAAAAAACCAAACATAACTCATTATAATGCAATGCGAT
GCAAGTTGTACAGCTGTCATCACCAGCTGAAGCTTCGTACGCTG-3'
5'-TGTCGTCATAGCAACGGAG-3'
5'-GTATCCAAGTTGTTTGTCAGG-3'
5'-GTCCATTAAATATTCTTGGTAACAATTCTGTTGTGCTATACAACTTCAACTTCTGCAC
CACTAGGATATCCTGGCGGATCCCCGGGTTAATTAA-3'
5'-GCCACCAAAAAGTAATGTAAACTTCAGTCATACCATCAGGATTGACTAATTTTGATC
TCCACTTTTAGTTTATGGAATTAGAATTCGAGCTCGTTTAAAC-3'
5'-AATGCGACAGCATCGTCAG-3'
5'-CAACTACAATTGTTGACACC-3'
5'-TATTATTATTGGCATTGCCATTATCTAACGGTGCTTTAATTTTTGTTTTATTATTCAAT
TTGTCTGAACATCTTCCTCGCATAGGCCACTAGTGGATCTG-3'
5'-TAGCAGTCTTTAACTAGAACGAAGAAATATCACATTAAATAAAGCATGGATAAAA
AGTAGATAAGTGCTAAAACAAATCCAGCTGAAGCTTCGTACGCTG-3'
5'-GCGAGAATCCAAGGTCGG-3'
5'-CAACTGGGAGAACAATTCG-3'
5'-GTTGAGCGAATTGAAGACGC-3'
5'-GTCCCAAGCTGGACCTCC-3'
5'-ACTTGGAACGATTACGGTG-3'
5'-GCAATCCGCGGAAGTCAC-3'
5'-CAACAACCATCTTATCAGCG-3'
5'-TAGAAACAAACACTTTACCATC-3'
5'-CCAAGGCGAGACTGGTGC-3'
5'-CGATTCAAAGTTAATGTACGG-3'
5'-CGGGTCCCGTTCCAGAG-3'
5'-CACTAACCAACTTAAATATCAC-3'
5'-CTTGTGACCTATGTTCAAAC-3'
5'-TTACATACAAAATAGTAAAGCC-3'
5'-ATTCACTTCCCCTTTTCATTC-3'
5'-GCTGCAGGTCTTCCACTC-3'
5'-GCCAAAGAGTTATAGATGCC-3'
5'-AAGTTGAGCACAAACCCATC-3'
5'-TATTGATACCAGCAGAAGCC-3'
5'-CCAAGTTAAAACTTGAACATAG-3'
5'-TAACGTCAGAACTGTTCTGG-3'
5'-ATTGACTAATTTTGATCTCCAC-3'
5'-CCTCTGAAGGTTCCAGAATCGATAGGAATTCTTTTTTTTTTTTTTTTTTVN-3'
5'-CTGGTTCGGCCCACCTCTGAAGGTTCCAGAATCGATAG-3'
5'-AAAGTCAGCAGCATAATTAGTGGGA-3'
5'-ACGAATCAACCCACTCATGAGAGT-3'
5'-AAGCAGTGGTATCAACGCAGAGTA-3'
5'-AAGAGTGGTATCAACGCAGAGTACGCGGG-3'
5'-TGGTTTACCAGGTGGATGCAACTTA-3'
5'-TTTCAGGCATGTTTTACCCCGTTG-3'
5'-ACTTATCGCTGGTGAAGCGATAAC-3'
5'-ATCAAATACCGCCATGCGGTATGA-3'
5'-ACCCATCAACATATCCTTCCGAAC-3'
5'-TAGACCTTTGAAAGCGGACA-3'
5'-TTATCAAAGCTACCTGCCAC-3'
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For transmission electron microscopy, cells were fixed with potassium
permangenate (Hochstenbach et al., 1998).  Thin sections were stained with lead
citrate (Reynolds, 1963) and uranyl acetate, and micrographs were obtained using
a model 420 transmission electron microscope (Philips) operating at 80 kV.

Sedimentation Assay
Cells were grown in YEA medium in an orbital shaker at 200 rpm at 28°C to an
OD595 of 1. Subsequently, 1 ml of culture was transferred into a cuvette (Sarstedt
67.742), gently mixed, and placed without further disturbance in an Ultrospec III
spectrophotometer (Pharmacia). OD595 was registered at 2.5-min intervals over a
period of 30 min.

Purification of Agn1p-his
Agn1p-his expression was induced in GEMMA for 24 h. Culture medium was
concentrated 10-fold under N2 pressure at 4°C using a polyethersulfone filter (10
kDa cut-off; Millipore) and its pH was changed to 8.0 by addition of 100 mM
MOPS buffer. Then, supernatant was incubated at 4°C for 1 h with nickel-
nitrilotriacetic acid beads (Qiagen). Beads were washed with 300 mM NaCl, 50
mM NaH2PO4, pH 8.0 buffer (Buffer A), containing 15 mM imidazole. Agn1p-his
was eluted with Buffer A containing 250 mM imidazole and fractions with (1,3)-
α-glucanase activity were pooled. After exchanging Buffer A for 20 mM sodium
acetate, pH 5.0, using a gel-filtration column (PD-10, Amersham), the eluate was
loaded onto an anion-exchange column (Mono-Q, Amersham). Agn1p-his was
eluted using a linear gradient of KCl to 250 mM and fractions with highest (1,3)-
α-glucanase activity were used for further study. Size-exclusion chromatography
was performed at a flow rate of 0.5 ml/min, using a Superdex-75 column
(Amersham) equilibrated with 50 mM sodium acetate, pH 6.0, and calibrated with
low-molecular-mass markers (Amersham) and blue dextran.

Purification of MutAp
Fifty mg of Novozym (Sigma L-2265) was dissolved in 50 mM Tris-HCl, pH 7.6,
containing 1 mM PMSF and 10 μl of protease inhibitor cocktail (Sigma P-8215) and
run over an anion-exchange column (DEAE, Amersham) equilibrated with 50 mM
Tris-HCl, pH 7.6. Flow-through fractions containing (1,3)-α-glucanase activity
were pooled. For adsorption chromatography, buffer was exchanged for 5 mM
sodium azide, 50 mM sodium acetate, pH 5.6 (Buffer B), and 0.85 mM PMSF and
10 μl of protease-inhibitor cocktail were added freshly. Twenty mg of (1,3)-α-
glucan (Pleurotus ostreatus) was dissolved in 10 M HCl, incubated at 37°C for 15
min, and re-precipitated overnight by addition of ice-cold 1.25 M sodium acetate
and neutralization with 10 M NaOH. Then, MutAp was bound to (1,3)-α-glucan
in Buffer B containing 10% (v/v) ethylene glycol and 250 mM NaCl at 4°C for 45
min, washed, and eluted by a 5-min incubation in 80% (v/v) ethylene glycol in

52

Proefschrift N.Dekker_U.qxp  30-10-2006  15:39  Page 52



53

Buffer B at RT. Finally, ethylene glycol was removed using a PD-10 column
equilibrated with Buffer B.

Isolation of (1,3)-α-Glucan
Fruit bodies of P. ostreatus or Laetiporus sulphureus were minced in a blender and
boiled in 2% (w/v) SDS, 40 mM 2-mercaptoethanol for 15 min to extract cytosolic
contaminants. To precipitate the alkali-soluble, water-insoluble fraction, cell-wall
material was dissolved in 2 mM NaBH4, 2 M KOH for 30 min on ice, and
reprecipitated overnight at 4°C by adjusting the pH to 6 with acetic acid. Then, the
pellet was resuspended in 5 mM sodium azide, 40 mM 2-mercaptoethanol, 50 mM
citrate-phosphate buffer, pH 5.3, containing 45 μg of Zymolyase-100T (Seikagaku)
and incubated overnight at 37°C. After collection, the insoluble fraction was re-
extracted as described above and washed in 5 mM sodium azide.

Mass Spectrometry 
For MALDI analysis, protein spots were excised from a Coomassie-stained
SDS/8% polyacrylamide gel and treated as described (Shevchenko et al., 1996).
Dried peptides, cleaned with ZipTipC18 (Millipore), were resuspended in 5 μl
60% (v/v) acetonitrile, 1% (v/v) formic acid. Approximately 4 μg of protein was
also digested directly with 2 μg endoproteinase Glu-C (V8 protease) (Roche)
overnight in 50 mM sodium phosphate pH 7.9 with 5% (v/v) acetonitrile at 25°C.
Subsequently, the peptide solution was alkylated (Shevchenko et al., 1996),
cleaned and concentrated on a ZipTipC18 (Millipore), and eluted in 10 ml 60%
(v/v) acetonitrile, 1% (v/v) formic acid. Peptide solutions were mixed with an
equal volume of 52 mM (aceton-prewashed) α-cyano-4-hydroxycinnamic acid
(Sigma) in 50% (v/v) ethanol, 48% (v/v) acetonitrile, 2% (v/v) trifluoroacetic acid,
1 mM ammonium acetate, spotted on a target plate, and dried at RT. Mass-
spectrometry spectra were collected on a M@LDI R (Micromass, Wythenshawe,
UK). For tandem-MS analysis, V8-protease digests were analyzed on a
quadrupole time-of-flight mass spectrometer (Micromass). Low-energy collision-
induced dissociation was performed using argon as a collision gas. 

Enzyme Reactions
Substrate specificity was determined by an incubation at 37°C for 20 min of
approximately 2 pmol of Agn1p-his with substrates at a final concentration of 4
mg/ml in 5 mM sodium azide, 50 mM sodium acetate, pH 5.6. Reduced and
carboxymethylated (1,3)-α-glucan (L. sulphureus), (1,4)(1,6)-α-glucan (starch;
Fluka 85642), reduced (1,4)(1,6)-α-glucan (glycogen; Sigma G-8751), reduced
(1,4)(1,6)-α-glucan (pullulan; Sigma P-4516), reduced (1,6)-α-glucan (dextran;
Sigma D-9260), reduced (1,3)-β-glucan (laminarin; Fluka 61430),
carboxymethylated (1,4)-β-glucan (cellulose; Sigma C-5678), or reduced (1,3)-α-
mannan (mannan; Sigma M-7504) were used as substrates. O-
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(carboxy)methylation and polysaccharide reduction were performed as described
(Kiho et al., 1989; Takasaki and Kobata, 1978). Reaction products were analyzed
using a colorimetric assay (Lever, 1972).

Deglycosylation experiments were performed by dissolving purified ~10
μg Agn1p-his or ~15 μg human α-galactosidase in 50 μl with
trifluoromethanesulfonic acid/anisole (9:1; v/v) and incubated at -20°C for 1 h.
Subsequently 500 μl pyridine/diethylether (1:9; v/v) was added, the sample
centrifuged at 14.000 × g at room temperature for 10 min, the pellet dried for at
37°C for 5 min, dissolved in 100 μl 100 mM ammonium carbonate (NH4HCO3)
(buffer A), and dialysed overnight using buffer A. Approximately 1 μg of each
protein was loaded onto an SDS/8% polyacrylamide gel under reducing
conditions and stained with silver nitrate.

For high-performance anion-exchange chromatography (HPAEC), (1,3)-
α-glucan (0.5 mg) purified from S. pombe cell walls was incubated with Agn1p-his
or MutAp in 5 mM sodium azide, 50 mM sodium acetate, pH 5.6, at 37°C for 5 h.
As standards, oligosaccharides from S. pombe (1,3)-α-glucan were prepared as
described (Koizumi et al., 1989). HPAEC was performed using a CarboPac PA-1
column on a DX 500 system (Dionex) using a linear gradient from 0−500 mM
sodium acetate in 0.1 M NaOH at a flow rate of 1.0 ml/min.
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Observed† Sequence Residue numbers* Remarks

Trypsin in gel (MALDI-TOF):
1687.77 IEDAYDAAASVSSDFK (69 − 84)
2444.23 LFISFDMSIISADADFIEGVVR (85 − 106)
2460.24 LFISFDMSIISADADFIEGVVR (85 − 106) M oxidation
1713.86 RFADKPNQLYYDGK (107 − 120)
1557.75 FADKPNQLYYDGK (108 − 120)
2872.32 VFVSTFAGETDTFGYSDVSTGWDSAVK (121 − 147)
2070.08 LYVAPVSPWFYTHLSYK (210 − 226)
1016.48 SDWLIIDR (232 − 239)
1334.63 YLMSPYISAYK (290 − 300)
1350.64 YLMSPYISAYK (290 − 300) M oxidation
2719.37 LGLSEPYINFESLFYWYRPTPK (301 − 322)

Trypsin in solution (MALDI-TOF):
1687.78 IEDAYDAAASVSSDFK (69 − 84)
2444.23 LFISFDMSIISADADFIEGVVR (85 − 106)
2600.31 LFISFDMSIISADADFIEGVVRR (85 − 107)
1713.86 RFADKPNQLYYDGK (107 − 120)
1557.75 FADKPNQLYYDGK (108 − 120)
2872.30 VFVSTFAGETDTFGYSDVSTGWDSAVK (121 − 147)
2070.07 LYVAPVSPWFYTHLSYK (210 − 226)
1016.49 SDWLIIDR (232 − 239)
1334.65 YLMSPYISAYK (290 − 300)
2719.36 LGLSEPYINFESLFYWYRPTPK (301 − 322)
3924.07 QGGTLASGTGPEIVDSLSIYNFNAYTGVLYFVDIEGR (394 − 430)

V8 protease in solution (MALDI-TOF and ESI-TOF):
2698.28 DKMVVAHFIVGNTYPYTVSNWEE (21 − 43) mature N-terminus#
.910.34 GFALNMGSD (55 − 63)
1703.83 AAASVSSDFKLFIFSD (76 − 91)
1015.50 FKLFISFD (84 − 91)
1310.60 MSIISADADFIE (92 − 103) #
1940.01 GVVRRFADKPNQLYYD (104 − 119)#
1140.57 GKVFVSTFAGE (120 − 130)
3166.62 SAVKEPLASAGYPIYFVPSWTSLGQGALEE (145 − 174)
1393.60 GFLSWNAWPTTD (179 − 190)
1243.63 WLIIDRWNE (235 − 243)
1161.57 MLSVQPDMIE (244 − 253)
1095.45 VLTWNDYGE (254 − 262)
1961.99 YGESHYIGNIQGALPAGSE (260 − 278)
1612.79 SHYIGNIQGALPAGSE (263 − 278)
2074.03 SLFYWYRPTPKSATATAD (313 − 330)#
2205.08 TNASPSFTVARQGGTLASGTGPE (383 − 405)#
2532.25 TNASPSFTVARQGGTLASGTGPEIVD (383 − 408)

† Observed value minus H+ (MALDI)
* Amino-acid positions refer to unprocessed polypeptide
# Sequence obtained by tandem MS with quadrupole time of flight
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Results

Agn1p contains a signal sequence for secretion, whereas Agn2p does not
Annotation of the S. pombe genome sequence suggested that the agn1+ and agn2+

genes each contain one continuous ORF (Wood et al., 2002). This prediction was
confirmed by our analysis of the transcripts. agn1+ cDNA contained a 5'-
untranslated region of at least 136 bp and a 3'-untranslated region of 422 bp, while
agn2+ cDNA contained a 5'-untranslated region of 157 bp and a 3'-untranslated
region of 122 bp. Analysis of their ORFs showed that agn1+ and agn2+ encode
polypeptides of 424 and 433 amino acids, respectively, with calculated molecular
masses of 46.9 and 48.0 kDa (Figure 1). These predicted polypeptides contain 22
additional amino acids at the amino terminus of Agn1p and 26 additional amino
acids at the carboxyl terminus of Agn2p beyond those predicted by the original
genome-project annotation. These polypeptides share 39% amino-acid sequence
identity, suggesting that they are paralogs. Furthermore, Agn1p and Agn2p show
41% and 34% amino acid sequence identity, respectively, to the catalytic domain
(residues 38−461) of the known Trichoderma harzianum (1,3)-α-glucanase, MutAp,
the founding member of glycoside hydrolase family 71 (Fuglsang et al., 2000),
identifying Agn1p and Agn2p as putative (1,3)-α-glucanases. This prediction is
consistent with the absence of Agn homologs in S. cerevisiae and Candida albicans
(data not shown), both of which lack cell-wall (1,3)-α-glucan. However, Agn1p
and Agn2p lack sequences corresponding to the carboxyl-terminal Pro-Ser-Thr-
rich linker (residues 462−550) and polysaccharide-binding domain (residues 551−
634) present in MutAp (Figure 1). 

56

Figure 1. S. pombe Agn1 and Agn2 polypeptides show amino acid sequence identities to the catalytic domain of T.
harzianum MutAp. cDNA-derived sequences for Agn1p and Agn2p were aligned with that of MutAp (AAF27911).
Solid arrowheads indicate cleavage sites in Agn1p and MutAp for signal peptidase predicted by the SIGNALP
algorithm, whereas the open arrowhead indicates the start of mature MutA protein observed by Fuglsang and co-
workers (2000). Boxes indicate sequence identities and dashes indicate gaps in the PILEUP alignment.
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A hydropathy profile of the Agn1 polypeptide reveals a hydrophobic
region at its amino terminus (residues 1−20) that is predicted to function as a
cleavable signal sequence (Kyte and Doolittle, 1982; Nielsen et al., 1997). However,
a signal sequence was found to be absent from the Agn2 polypeptide. To study
secretion of Agn1p and Agn2p directly, we tagged these proteins at their carboxyl
terminus and performed an immunoblot analysis on exponentially growing agn1-
myc and agn2-myc cells. In total cell lysates, Agn1-myc and Agn2-myc protein
bands resolved at apparent molecular masses of ~78 kDa and ~76 kDa,
respectively, (Figure 2, lanes 2 and 3), which are in agreement with the calculated
molecular masses of 67.4 kDa and 68.5 kDa. Immunoblot analysis on
corresponding culture media revealed the presence of Agn1-myc protein in
culture medium of agn1-myc cells, while no Agn2-myc protein was observed in
culture medium of agn2-myc cells (Figure 2, compare lanes 5 and 6). Comparison
of the cell-bound fraction with the culture-medium fraction revealed that the
majority of steady-state Agn1-myc protein was bound to cells (Figure 2, compare
lanes 2 and 5). Our data demonstrate that, unlike Agn2p, Agn1p shares a
functional signal sequence with characterized MutA proteins of T. harzianum and
Penicillium purpurogenum, both of which are also secreted (Fuglsang et al., 2000).

Deletion of agn1 causes cells to clump
To study the cellular function of Agn1p, we deleted the complete agn1 ORF from
the genome of wild type, 972, and analyzed the phenotype of the resulting
deletion mutant. agn1Δ cells were viable and displayed a typical cylindrical rod
morphology (Figure 3, compare agn1Δ with wild type). However, rather than
single cells, the agn1Δ mutant often formed small clumps of cells attached to each
other via an area located near their tips (Figure 3, see arrows). These data indicate
that agn1Δ cells fail to separate effectively at the end of the cell cycle.

1        2        3         4        5        6 

cell bound culture medium

115

82

63

49

37

kDa Agn1p  Agn2p Agn1p  Agn2p Figure 2. Agn1p is secreted into the culture
medium, whereas Agn2p is not. Along with
wild-type cells (strain 972; lanes 1 and 4), cells
of genotypes agn1-myc (strain ND003; lanes 2
and 5) or agn2-myc (strain ND061; lanes 3 and
6) were grown to mid-exponential phase in
YEA medium. Equivalent amounts of cell-
bound fractions were prepared by collecting
cells, whereas culture-medium fractions were
obtained by precipitation on ice with 5%
(w/v) TCA. Samples were resolved by 8%
SDS-PAGE under reducing conditions and
visualized by immunoblot analysis using an
anti-myc mAb, 9E10. Probing a similar blot
with antibodies directed to cytoplasmic
protein α-tubulin showed protein in the cell-
bound samples, but not in the culture-
medium samples, from all three strains (data
not shown).
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Cell clumping has been observed not only with agn1Δ cells but also with cells
deleted for eng1 or ace2 (Martín-Cuadrado et al., 2003). To compare these clumping
phenotypes, we deleted the eng1 and ace2 ORFs individually and verified the
phenotypes of the resulting strains (Figure 3). Although eng1Δ and ace2Δ cells, like
agn1Δ cells, formed clumps, the extent of cell clumping appeared to be most
severe for the ace2Δ mutant in light microscopy. To compare the extents of
clumping more quantitatively, we set up a simple sedimentation assay (see
Materials and Methods). Wild-type cells hardly sedimented during a 30-min time
period, whereas ace2Δ cells sedimented rapidly, thereby clearing the culture
medium to a large extent (Table II). agn1Δ and eng1Δ cells on the other hand
sedimented with intermediate velocities, indicating that they each formed clumps
that were generally smaller than those formed by the ace2Δ mutant (Table II).
Together, these data indicate that loss of agn1+ function causes S. pombe cells to
clump to a similar extent as loss of eng1+ function.

For a complementation analysis, we expressed the agn1-his gene from a
multicopy plasmid in the agn1Δ strain. Induction of agn1-his resulted in a
sedimentation index comparable to that of wild-type cells, whereas repression of
agn1-his gene expression showed a clumping phenotype typical for the agn1Δ
strain (Table II, compare induction of pND02 with its repression). The observation
that during agn1-his repression clumping was not completely identical to that of
agn1Δ cells is explained by the fact that repression of the nmt1-1 promotor is not
complete. Despite continuous overexpression of the agn1 ORF under the strong
nmt1 promoter, cells showed a wild-type morphology and did not lyse, indicating
that cells are resistant to agn1 overexpression (data not shown). We confirmed this
conclusion by demonstrating that cells overexpressing agn1 are as resistant to
incubation with (1,3)-β-glucanase as wild-type cells, providing no evidence for a
change in cell-wall rigidity (data not shown). Together, these data show that
Agn1p-his restores Agn1p function in agn1Δ cells, but that Agn1p-his, upon
overexpression, is not cytolytic.

Agn1p is an endo-(1,3)-α-glucanase
To characterize the role of Agn1p in cell separation, we studied its specific
enzymatic activity. To obtain recombinant Agn1-his protein, we purified it from
culture medium by immobilized metal-ion affinity chromatography and anion-
exchange chromatography (Figure 4A, lanes 1 and 2), and assessed its purity as
follows. First, SDS-polyacrylamide gel electrophoresis (SDS-PAGE) followed by
silver staining resolved only a single band with an apparent molecular mass of
~47 kDa (Figure 4A, lane 2), in close agreement with its calculated molecular mass
of 48.4 kDa. In size-exclusion chromatography, Agn1p-his eluted as a single peak
with an elution volume corresponding to a molecular mass of approximately 50
kDa, indicating that it is a monomer (Figure 4B). Although mature Agn1p-his
possesses one potential N-glycan attachment site at Asn-384, treatment with 
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trifluoromethanesulfonic acid to eliminate glycosyl residues did not change its
mobility in SDS-PAGE (Figure 4C), indicating that recombinant Agn1p-his was
not glycosylated. Second, the 47-kDa protein band was subjected to peptide mass
fingerprinting by matrix-assisted laser-desorption ionization time-of-flight using
trypsin or V8 protease. All major non-protease peaks in the obtained spectra were
accounted for by Agn1p-his, providing no evidence for the presence of
contaminating proteins or for post-translational modification of Agn1-his protein.
Electrospray mass-spectrometry analysis of Agn1p-his yielded a major peak of
molecular mass 45,980.1 ± 1.2 Da and a minor peak of mass 46,117.4 ± 1.8 Da. The
major peak corresponds to an Agn1-his polypeptide without post-translational
modifications that starts, as predicted above, at Asp-21 and terminates with four
His residues, indicating that two carboxyl-terminal His residues were removed,
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wild type agn2Δ

agn1Δ eng1Δ

agn1Δ eng1Δ ace2Δ

Figure 3. agn1ΔΔ cells clump as a result of
inefficient cell separation. Along with
wild-type cells (strain 972), cells of
genotypes agn2Δ (strain ND028), agn1Δ
(strain ND001), eng1Δ (strain ND005),
agn1Δ eng1Δ (strain ND019), or ace2Δ (strain
ND064) were grown in EMMA medium to
mid-exponential phase and stained with
calcofluor white to visualize septa. Note
that agn1Δ cells remain attached via a small
area near the base of their tips (arrows) and
that branching is observed in the agn1Δ
eng1Δ and ace2Δ strains (arrowheads). Bar,
10 μm. 
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Figure 4. Agn1p-his is an endo-(1,3)-αα-glucanase producing predominantly (1,3)-αα-glucan pentasaccharides. (A)
Purification of Agn1p-his and T. harzianum MutAp. Agn1p-his was purified from concentrated culture supernatant
of strain ND236 by immobilized nickel-nitrilotriacetic acid affinity chromatography (lane 1), followed by anion-
exchange chromatography (lane 2). MutAp was purified from a commercial preparation (lane 3) by (1,3)-α-glucan
adsorption chromatography (lane 4). Samples were resolved by 8% SDS-PAGE under reducing conditions and
visualized by silver staining. (B) Agn1p-his is a monomeric protein. Size-exclusion chromatography of purified
Agn1p-his on a Superdex 75 column. Elution volumes of molecular-mass markers are indicated. (C) Agn1p-his is not
glycosylated. Agn1p-his (lane 1, untreated) and control protein α-galactosidase (lane 4, untreated) were
deglycosylated with trifluoromethanesulfonic acid (lane 2, Agn1p-his and α-galactosidase; lane 3, α-galactosidase
alone) as described in Materials and Methods. Samples were resolved by 8% SDS-PAGE under reducing conditions
and visualized by silver staining. (D) Agn1p-his specifically hydrolyzes (1,3)-α-glucan. Purified Agn1p-his was
incubated with indicated substrates at a concentration of 4 mg/ml. To lower backgrounds, substrates were reduced,
except for (1,4)-β-glucan (cellulose) and (1,4)(1,6)-α-glucan (starch). To solubilize the (1,3)-α-glucan and (1,4)-β-
glucan substrates, they were carboxy-methylated. Data are a percentage of the amount of reducing ends released
from reduced and carboxy-methylated (1,3)-α-glucan. (E) Agn1p-his activity is not inhibited by exo-glycosidase
inhibitors. Effects of the exo-glycosidase inhibitors deoxynojirimycin (DNJ), N-methyl-1-deoxynojirimycin (NMDNJ),
castanospermine (CST), D-glucono-1,5-lactone (GLN), conduritol-β-epoxide (CBE), or N-(5 adamantane-1-yl-
methoxy)pentyl-deoxynojirimycin (AMPDNJ) on the activities of Agn1p. Note that exo-glycosidases controls
glucoamylase from Aspergillus nidulans (AnGA) or recombinant human glucocerebrosidase (HsGC) are shown in
Chapter 4, Figure 4B. (F) Agn1p-his produces mainly (1,3)-α-glucan pentasaccharides. HPAEC analysis with pulsed
amperometric detection (PAD) of reaction products released after a 5-h incubation at 37°C from insoluble (1,3)-α-
glucan by Agn1p-his (Upper Panel) or MutAp (Lower Panel). Numbers refer to the degree of polymerization.
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presumably by proteases. The minor peak corresponds to an Agn1 polypeptide
that terminates with five His residues. In conclusion, we purified Agn1-his protein
to homogeneity and showed that its signal sequence was cleaved off to generate
mature protein.

Substrate specificity of recombinant Agn1p-his was assayed with
different glucan or mannan substrates. In the presence of (1,3)-α-glucan, we
detected the release of digestion products using a colorimetric assay (Figure 4D).
No activity was detected using (1,3)-α-glucan, (1,3)-α-mannan, (1,4)-α-glucan, or
(1,6)-α-glucan as substrates, demonstrating a specificity for (1,3)-α-glucosidic
linkages (Figure 4D). Agn1p-his shows a broad pH optimum, with a maximum
activity ranging from pH 3.5 to 5.5 (Chapter 3: Figure 4A). Furthermore, 4-
nitrophenyl-α-glucose, a synthetic compound that is cleaved only by glucanases
with an exo-type mechanism of hydrolysis, was not hydrolyzed (data not shown).
Also, Agn1p-his activity was not inhibited by 1-deoxynojirimycin, N-methyl-1-
deoxynojirimycin, castanospermin, D-glucono-1,5-lactone, conduritol-β-epoxide,
or N-(5-adamantane-1-yl-methoxy)pentyl-deoxynojirimycin, all inhibitors of exo-
type enzymes (Figure 4E).

The observation that S. pombe Agn1p and T. harzianum MutAp share a
putative catalytic domain but not a Pro-Ser-Thr-rich linker or polysaccharide-
binding domain (see above) prompted us to compare the enzyme characteristics
of both (1,3)-α-glucanases. For this purpose, we purified MutA protein by (1,3)-α-
glucan adsorption chromatography, yielding a single band in SDS-PAGE analysis
that resolved at a molecular mass of approximately 75 kDa (Figure 4A, lane 4),
consistent with previous results (Fuglsang et al., 2000). To compare the reaction
products of both enzymes, insoluble (1,3)-α-glucan purified from S. pombe was
incubated with Agn1p-his or MutAp for 5 h. A high-performance anion-exchange
chromatography profile of MutAp reaction products showed the presence of
mostly glucose, with small amounts of (1,3)-α-glucan trisaccharide (Figure 4F,
lower panel). Importantly, the reaction product of Agn1p-his lacked glucose, but
instead contained (1,3)-α-glucan oligosaccharides with a degree of polymerization
of 2−7, with (1,3)-α-glucan pentasaccharide as the predominant reaction product
(Figure 4F, upper panel). Together, these results demonstrate that Agn1p is an
endo-(1,3)-α-glucanase that releases predominantly (1,3)-α-glucan
pentasaccharides.

Agn1p is involved in hydrolysis of the septum edging but not the primary
septum
Given that Agn1p and Eng1p are both glucanases, we investigated whether their
functions are redundant. First, we compared the cellular morphologies of mutants
with single or double deletions for agn1 and eng1. Although the morphology of
agn1Δ eng1Δ cells resembled that of eng1Δ cells, the double mutant often contained
more cells per chain of cells (Figure 3). Frequently, these chains of cells contained
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branches (Figure 3, see arrowheads), a morphology hardly ever observed with
either single deletion mutant. Second, we compared the extent of clumping of the
single and double mutants in our sedimentation assay. Interestingly, agn1Δ eng1Δ
cells sedimented significantly faster than agn1Δ or eng1Δ cells (Table II), indicating
that clumps of the double mutant were on average significantly larger than those
of either single mutant. Together, these data suggest that agn1+ and eng1+ fulfill
nonoverlapping functions.

Table II. Sedimentation analysis of mutants with a clumping phenotype

Genotypea Strain Sedimentation timeb

80% of 50% of

initial OD595 initial OD595 

wild type 972 >30 >30

ace2Δ ND064 6 ± 1 9 ± 1

sep1Δ ND102 5 ± 1 10 ± 2

ace2Δ sep1Δ ND148 4 ± 1 6 ± 1

agn1Δ ND001 17 ± 2 21 ± 2

eng1Δ ND005 19 ± 1 22 ± 1

agn1Δ eng1Δ ND019 11 ± 1 14 ± 1

agn1Δ [pND02] (ON) ND234 30 ± 5 >30

agn1Δ [pND02] (OFF) ND234 19 ± 1 26 ± 1

agn1Δ [pSE01] (OFF) ND235 16 ± 1 20 ± 1

agn2Δ ND028 >30 >30
a Complete genotypes are shown in Table I.
b Sedimentation times (min) are the times required for the OD595 of the individual cultures to decrease to 80% or 50%

of their initial values and are the mean ± SD of 4 individual experiments, except those of strains with genotypes wild

type (n = 12), agn1Δ (n = 8), and ace2Δ (n = 8).

To gain insight into the precise roles of Agn1p and Eng1p in cell separation, we
analyzed the ultrastructures of agn1Δ and eng1Δ cells. Electron-microscopy
analysis of agn1Δ cells showed that septum assembly (and thus cytokinesis) and
dissolution of the primary septum progressed normally in this mutant (Figure
5A). These results were corroborated by microscopy analysis on agn1Δ cells
stained with calcofluor white, a dye that specifically stains the primary septum
and remnants thereof. Staining of the septa in agn1Δ cells was intense during
cytokinesis, but diminished in intensity during cell separation (Figure 3). By
contrast, a defect in dissolution of the septum edging was evident in agn1Δ cells
(Figure 5A). The septum edging in agn1Δ cells was broken down only partially,
causing daughter cells to remain attached via a small stretch of septum-edging
material (Figure 5A, see solid arrow). 

The ultrastructure of the septal region in agn1Δ cells is clearly distinct
from that in eng1Δ cells. In eng1Δ cells, we observed that the primary septum often
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fails to break down (Figure 5B), exposing primary-septum material to the
extracellular space (Figure 5D, see open arrow). This defect causes eng1Δ cells to
remain attached via the primary septum, which is visualized clearly by staining
with calcofluor white (Figure 3). The septum edging, on the other hand, appears
to be broken down normally in eng1Δ cells (Figure 5B), resulting in invaginations
at the septa and in exposure of fission scars (Figure 5B, see asterisks). We conclude
that eng1+ and agn1+ fulfill distinct roles in cell separation: eng1+ is involved in
dissolution of the primary septum, whereas agn1+ is involved in dissolution of the
septum edging.

Agn1p protein expression oscillates during the cell cycle
The observation that Agn1p acts during cell separation prompted us to examine
whether Agn1 protein expression was upregulated during this stage of the cell
cycle. To this end, we arrested temperature-sensitive (ts) cdc25-22ts agn1-myc cells
at the G2-M transition and then released them synchronously into the cell cycle,
while monitoring cell synchrony by septation-index analysis and Agn1-myc
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Figure 5. agn1ΔΔ cells remain attached via remnants of
the septum edging. Electron micrographs of thin sections
from cells of genotypes: (A) agn1Δ (strain ND001), (B and
D) eng1Δ (strain ND005), (C and E) ace2Δ (strain ND064).
Cells were grown to mid-exponential phase in YEA
medium. Solid arrow indicates locations of cell
attachment, open arrow indicates remnants of the
primary septum, solid arrowheads indicate branched
outgrowths, and * indicates fission scars. Bar, 1 μm. 
(F) Schematic representation of the septum and septum
edging immediately before (Left) and during (Right) cell
separation. Adapted from Johnson et al. (1973).
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protein levels by immunoblot analysis. Agn1-myc protein levels oscillated
considerably as cells traversed the first cell cycle, peaking concomitantly with
septation and cell separation (Figure 6A, B). During the following cell cycle, the
oscillation was less dramatic, because Agn1-myc protein is a stable protein with a
half-life of more than 2 h (Figures 6A, and 7) and its levels did not decrease to their
initial levels observed at arrest. In an arrest-release experiment on cdc25-22ts eng1-
myc cells, Eng1-myc protein levels oscillated in a manner similar to the oscillation
of Agn1-myc protein levels (Figure 6, compare panels C and B). This oscillation in
Eng1 protein levels is in good agreement with the oscillation reported for eng1+

transcript levels (Martín-Cuadrado et al., 2003).
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Figure 6. (A-D) Periodic expression of
Agn1p-myc resembles that of Eng1p-
myc and depends on ace2+. Cells of
genotypes (A,B) cdc25-22 agn1-myc
(strain ND049), (C) cdc25-22 eng1-myc
(strain ND051), or (D) cdc25-22 ace2Δ
agn1-myc (strain ND111), were arrested
at G2-M transition and then released
synchronously. Cells were collected at
indicated times after start of the release.
Degrees of synchrony are indicated by
septation index. A indicates
asynchronous controls. (A, Lower
panel) Normalization of Agn1p-his
levels to the α-tubulin loading control.
Note that upon ace2 deletion Agn1p-
myc is not expressed at any stage of the
cell cycle. (E) Agn1-myc protein
expression is upregulated during G1
and S phases. Cells of genotypes cdc25-
22 agn1-myc (strain ND049; lane 2), cps1-
191 agn1-myc (strain ND154; lane 3),
cdc10-129 agn1-myc (strain ND054; lane
4) were grown in YEA medium to mid-
exponential phase at 28°C and then
arrested at G2 phase, cytokinesis (C
phase), or G1 phase, respectively, by a
shift to 36ºC for 4 h. For an arrest at S
phase, exponentially growing cells of
genotype agn1-myc (ND003) were
incubated with hydroxyurea at a
concentration of 11 mM at 28°C for 4 h
(lane 5). Along with a total lysate of
asynchronous cells (indicated as A, lane
1), cell lysates were resolved by 8% SDS-
PAGE under reducing conditions and
visualized by immunoblot analysis
using an anti-myc mAb, 9E10. α-
Tubulin served as a loading control.
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To compare more precisely Agn1 protein levels at specific stages of the
cell cycle, we used, along with the cdc25ts mutant to block entry into mitosis, a
cps1ts mutant to block septum assembly and a cdc10ts mutant to block in late G1
phase. Also, we treated agn1-myc cells with hydroxyurea for arrest in S phase.
Immunoblot analysis showed that during the G2 and C phases Agn1-myc protein
levels are low, whereas during the G1 and S phases they increased (Figure 6E).
These data not only confirm the results of the cdc25-22ts arrest-release experiment,
they also narrow down the broad period of septation and cell separation to the G1
and S phases. In summary, we conclude that Agn1 and Eng1 protein levels
oscillate during the cell cycle and that Agn1 protein levels peak during G1 and S
phases.

agn1+ and eng1+ expression depend on transcription factors, Sep1p and Ace2p
To investigate whether transcription factors Sep1p and Ace2p are involved in
regulating Agn1 protein levels, we crossed agn1-myc into ace2Δ and sep1Δ
backgrounds. Immunoblot analysis showed that the Agn1-myc protein level had
decreased dramatically in both these mutants (Figure 8, compare lanes 2 and 3 to
lane 1). To exclude the possibility that the observed lack of Agn1-myc protein
expression was the result of a change in the frequency of cells in G1 and S phases,
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Figure 7. Agn1p-myc is stable in time. (A) Cells of
genotype agn1-myc (strain ND003) were arrested in
S phase by incubation with hydroxyurea at a
concentration of 11 mM at 28°C for 4 h, and then
released synchronously. Cycloheximide (CHX) was
added to block new protein synthesis. (B) Cells of
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as A), cell lysates were resolved by 8% SDS-PAGE
under reducing conditions and visualized by
immunoblot analysis using an anti-myc mAb, 9E10.
α-Tubulin served as a loading control.
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we performed an arrest-release experiment on cdc25-22ts agn1-myc cells deleted for
ace2+. At no stage of the cell cycle were we able to detect Agn1-myc protein in the
ace2Δ background (Figure 6, compare panels A and D). These data show that ace2+

and sep1+ each are required for Agn1 protein expression. 
Not only Agn1-myc protein levels but also Eng1-myc protein levels

decreased considerably in both the sep1Δ and ace2Δ backgrounds (Figure 8,
compare lanes 5 and 6 to lane 4). Simultaneous deletion of sep1 and ace2 did not
further decrease Eng1-myc protein levels, suggesting that their effects are not
additive (Figure 8, lane 7). This observation was substantiated by the finding that
the ace2Δ and sep1Δ single and double mutants formed clumps to a similar extent,
although the double mutant sedimented a little faster than either single mutant
(Table II).

To study the effect of a simultaneous loss of agn1+ and eng1+ expression
in the ace2Δ mutant (see above), we studied its ultrastructure. We observed that in
ace2Δ cells both the septum edging and the primary septum remained intact
(Figure 5C). Also, in this mutant, apical growth was redirected towards the side of
the septum, causing branching (Figure 5E, solid arrowheads). This phenotype was
also observed for the agn1Δ eng1Δ double mutant (Figure 3, arrowheads). From
these experiments we conclude that both Sep1p and Ace2p are required for
periodic expression of both Agn1 and Eng1 proteins.

Agn2p is essential for endolysis of the ascus wall during sporulation
To investigate whether the cellular function of agn2+ is similar to that of agn1+, we
deleted the agn2 ORF and analyzed the resulting deletion phenotype. agn2Δ cells
were viable and grew in YEA culture medium at 28°C with a generation time
similar to that of wild-type cells (data not shown). agn2Δ cells also displayed a
cylindrical rod morphology indistinguishable from that of wild-type cells (Figure
3) and they did not form clumps (Table II). Furthermore, northern blot analysis
showed that agn2 transcript levels did not fluctuate during the cell cycle (data not
shown). We conclude that, unlike agn1+, agn2+ does not appear to have a role
during vegetative growth.
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Figure 8. Agn1-myc protein
expression depends on ace2+ and
sep1+. Cells of genotypes agn1-myc
(strain ND003; lane 1), agn1-myc sep1Δ
(strain ND140; lane 2), agn1-myc ace2Δ
(strain ND132; lane 3), eng1-myc (strain
ND007; lane 4), eng1-myc sep1Δ (strain
ND144; lane 5), eng1-myc ace2Δ (strain
ND136; lane 6), or eng1-myc sep1Δ ace2Δ
(strain ND218; lane 7) were grown in
YEA medium to mid-exponential
phase. Cell lysates were resolved by 8%
SDS-PAGE under reducing conditions
and visualized by immunoblot analysis
using an anti-myc mAb, 9E10. α-
Tubulin served as a loading control.
Ratios indicate normalized Agn1p-myc
or Eng1p-myc levels corrected for α-
tubulin loading controls.
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agn2+ expression is upregulated temporarily during sporulation (Mata et
al., 2002). To localize Agn2p in sporulating cells, we crossed haploid agn2-gfp cells
with haploid wild-type cells of opposite mating type and analyzed Agn2p-GFP
fluorescence in living mating products. Although Agn2p-GFP fluorescence in the
haploid agn2-gfp cells was weak and diffuse, it was more intense in sporulating
diploid cells. Agn2p-GFP was excluded from ascospores, but instead localized to
the residual cytoplasm within the ascus wall (Figure 9A), known as the epiplasm
(Yoo et al., 1973). To assess Agn2p function, we analyzed agn2Δ cells in a simple
mating assay. No differences in conjugation and sporulation efficiency were
observed with agn2Δ cells compared to wild-type cells (Chapter 3; Figure 4). To
determine whether agn2+ plays a role in the subsequent step of endolysis of the
ascus wall, during which the ascospores are released, we transferred agn2Δ/agn2Δ
diploid cells to sporulation medium. Like the majority of matching wild-type
diploids, the majority of agn2Δ/agn2Δ cells developed into asci containing four
ascospores, called tetrads, within 48 h after start of induction, confirming that
sporulation was not affected by agn2 deletion (data not shown). However,
whereas the ascus walls lysed in a majority of wild-type tetrads, releasing
individual ascospores within the following 48 h, the ascus walls remained intact
in a majority of agn2Δ/agn2Δ tetrads, even after five days following tetrad
formation (Figure 9B). Small numbers of free ascospores were observed, but they
represented only approximately 10% of the tetrads. We conclude from these
experiments that Agn2p is involved in endolysis of the ascus wall.
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Figure 9. Agn2p localizes to the cytoplasm of the ascus
and contributes to hydrolysis of the ascus wall. (A)
Haploid cells of genotype agn2-gfp (strain ND172) and
matching wild-type cells (strain FYC15) were allowed to
mate on a sporulation plate and resulting zygotic asci were
examined using fluorescence microscopy. Agn2p-GFP
fluorescence is excluded from ascospores, but instead
localizes to the cytoplasm of the ascus, the epiplasm. Bar, 10
μm (B). Along with wild-type diploid cells (strain ND080),
diploid cells of genotype agn1Δ/agn1Δ (strain ND084) and
agn2Δ/agn2Δ (strain ND088) were grown to exponential
phase in EMM medium containing 2% ammonium sulfate
to inhibit sporulation. Subsequently, sporulation was
induced synchronously by a shift to EMM medium
containing 0.5% sodium glutamate, a poor nitrogen source.
At the indicated time intervals, percentages of free
ascospores were determined. Note that in the absence of
agn2+ the ascus wall fails to undergo endolysis. 
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Discussion

In this report we have identified Agn1p as an endo-(1,3)-α-glucanase that is
involved in the dissolution of cell-wall material that surrounds the septum, the
septum edging (Figure 5F). Deletion of agn1 abrogates the ability of S. pombe cells
to fully separate as free cells and results in mutant cells that remain attached to
each other via remnants of the septum edging. However, agn1 deletion does not
affect hydrolysis of the primary septum, based on the normal dissolution of
primary-septum material stained by calcofluor white (Figure 3) and on the
ultrastructure of agn1Δ cells (Figure 5A). These observations are consistent with
the presence of (1,3)-α-glucan in the septum edging and with its absence from the
primary septum. By contrast, deletion of eng1 does not affect dissolution of the
septum edging, based on the observed invaginations at the site of the septum in
eng1Δ cells, but rather abrogates dissolution of the primary septum (Figure 5B).
The roles of Agn1p and Eng1p in cell separation appear functionally distinct in
that the agn1Δ eng1Δ double mutant clumps more extensively that either single
mutant (Table II). Furthermore, the ace2Δ mutant, which expresses decreased
levels of both Eng1p and Agn1p (Figure 8), displays a hyphal morphology
characterized by intact primary septa and intact septum edgings (Figure 5C). We
conclude that the dissolution of both the primary septum and the septum edging
are facilitated by hydrolases, and that these processes involve dedicated
hydrolases, Eng1p and Agn1p.

A series of distinct steps is required for successful delivery of cell-
separation hydrolases to their target destination at the right stage of the cell cycle,
including cell cycle-regulated synthesis, targeted secretion, and localized
hydrolysis. For the first step in cell separation, transcription factors are involved.
We show that expression of Agn1p and Eng1p in S. pombe requires transcription
factors Sep1p and Ace2p. In S. cerevisiae, two homologs of Sep1p (ScFkh1p and
ScFkh2p) regulate the cell-cycle oscillation of an entire gene cluster that includes
ScAce2p, the S. cerevisiae homolog of Ace2p (Zhu et al., 2000). ScAce2p, in turn,
directly regulates cell cycle-dependent expression of cell-separation hydrolases,
ScEng1p and ScCts1p (Baladrón et al., 2002; Dohrmann et al., 1992). The peaks in
ScENG1 and ScCTS1 transcript levels during G1 phase in S. cerevisiae (Dohrmann
et al., 1992; Spellman et al., 1998) overlap with the peak in Agn1 protein levels
during G1 and S phases in S. pombe (Figure 6E), suggesting that agn1+ expression
may be directly controlled by Ace2p. During targeted secretion, the second step in
cell separation, hydrolases are transported to the septal region via the secretory
pathway. We hypothesize that secretory vesicles containing cell-separation
hydrolases, such as Agn1p and Eng1p, may be targeted to the septum via the
exocyst complex, a multiprotein complex present in yeasts (but also in humans)
(Hsu et al., 1998). The exocyst complex might be involved in recruiting secretion
vesicles to specific regions of the plasma membrane (Hsu et al., 1999), and the cell-
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separation defect observed in exocyst mutants in S. pombe (Wang et al., 2002) is
consistent with this hypothesis. Also certain septins, filament-forming proteins
that form a ring structure near the septal region, together with the septin-
organizing protein Mid2p, may be involved in localizing secretion of cell-
separation hydrolases to the septal region, because their gene-deletion
phenotypes show similar cell-separation defects (Berlin et al., 2003; Tasto et al.,
2003). Localized hydrolysis, the third and final step in cell separation, follows
targeted secretion of cell-separation hydrolases. Oulevey and co-workers (1970)
observed a triangular region of dense material in the extracellular space between
the septum and the septum edging opposite the intracellular exocyst ring (Figure
5F). It appears not unreasonable to suggest that this region may contain secreted
cell-separation hydrolases that diffuse towards the septum and the septum
edging. Indeed, one of these hydrolases, Eng1p, localizes to a ring structure
overlaying the primary septum (Martín-Cuadrado, 2003).

Cell separation was not inhibited completely in any of the mutants
studied here, not in the agn1Δ and eng1Δ single and double mutants, nor in the
ace2Δ and sep1Δ single and double mutants. Our observation that cells of the agn1Δ
eng1Δ double mutant can separate (Figure 3 and Table II) suggests that additional
factors may contribute to cell separation in S. pombe. One possibility is physical
breakage of septum or septum edging by mechanical forces caused by agitation.
More likely, however, is the presence of additional cell-separation hydrolases
besides Agn1p and Eng1p. Perhaps one (or more) of the three putative exo-(1,3)-β-
glucanases encoded by the S. pombe genome are involved (Martín-Cuadrado et al.,
2003). Furthermore, our finding that cells of the ace2Δ sep1Δ double mutant can
separate, albeit to the lowest extent of all mutants studied here (Table II), may
indicate that one (or more) additional transcription factors are involved in
regulating expression of cell-separation hydrolases.  Indeed, even after deletion of
ace2 and sep1, low levels of Eng1p remain detectable (Figure 8).

Overexpression of endo-(1,3)-α-glucanase, Agn1p, did not compromise
the structural integrity of S. pombe cells and was not cytolytic, even though we
overexpressed this hydrolase continuously during the entire cell cycle. This
observation may be explained as follows. First, it is possible that Agn1p did not
reach concentrations high enough to weaken the cell wall effectively. Second,
effective impairment of cell-wall (1,3)-α-glucan may be avoided by the enzyme's
endo-catalytic mode of action, cleaving intrachain glycosidic linkages, rather than
an exo-catalytic mode, which would have cleaved glycosidic linkages at one of the
ends of the polysaccharide. Perhaps, accumulation of internal breaks may be less
disruptive to the three-dimensional structure, and thus to the rigidity, of (1,3)-α-
glucan than accumulation of successive cleavages from one end. Third, it is
conceivable that its simple domain structure prevents Agn1p from compromising
structural integrity. Sequence comparisons with T. harzianum MutAp (Figure 1)
and Penicillium purpurogenum MutAp (Fuglsang et al., 2000) show that Agn1p
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lacks a carboxyl-terminal polysaccharide-binding domain together with a Pro-Ser-
Thr-rich linker. The presence of a polysaccharide-binding domain is common
among hydrolases, such as cellulases, xylanases, chitinases, and amylases (Gilkes
et al., 1991). As T. harzianum and P. purpurogenum are parasitic fungi, they secrete
(1,3)-α-glucanases to degrade (1,3)-α-glucan of host fungi, producing glucose,
which can be taken up as a carbon source. Our analyses on Agn1p show (Figure
4D) that a polysaccharide-binding domain is not essential for hydrolysis of (1,3)-
α-glucan. Nonetheless, the absence of a polysaccharide-binding domain may
diminish the efficiency of hydrolysis by Agn1p or may limit its access to (1,3)-α-
glucan, thereby preventing cytolysis.

The paralog of Agn1p in S. pombe, Agn2p, lacks a signal sequence for
entry into the secretory pathway (Figure 1), fails to be secreted into the culture
medium (Figure 2), and localizes to the cytoplasm of the ascus, the epiplasm
(Figure 9A). To our knowledge, Agn2p is the first member of glycoside hydrolase
family 71 that localizes, at least initially, to the cytoplasm. DNA-microarray
analysis showed that agn2+ is upregulated 180-fold during sporulation (Mata et al.,
2002). agn2Δ/agn2Δ diploid cells induced to sporulate were able to generate four
ascospores per ascus, which is typical for S. pombe, but then failed to undergo
effective endolysis of the ascus wall. As a consequence, few ascospores were
released as free entities and most remained enclosed within the ascus wall, even
after a prolonged incubation (Figure 9B). We speculate that in wild-type asci the
ascus membrane, which encloses the four ascospores, may disintegrate after
formation of the ascospores, bringing proteins of the epiplasm including Agn2p
into direct contact with the ascus wall. Given that the ascus wall is derived from
the cell wall of the diploid cell that underwent sporulation, it contains (1,3)-α-
glucan, which, after disintegration of the ascus membrane, may be broken down
from within by hydrolases, such as Agn2p. The S. pombe genome encodes not only
endo-(1,3)-α-glucanases in two forms, one with and the other without a signal
sequence, but also endo-(1,3)-β-glucanases. Whereas Eng1p contains a signal
sequence, its paralog in S. pombe, Eng2p, lacks such a sequence. Like Agn2p,
Eng2p is temporarily upregulated during sporulation (Mata et al., 2002),
suggesting that it may also be involved in endolysis of the ascus wall. Homologs
of these two forms of endo-(1,3)-β-glucanases have also been identified in S.
cerevisiae and in C. albicans (Baladrón et al., 2002).

Characterization of the roles of the Agn proteins in S. pombe has provided
new insights into our understanding of the cellular functions of (1,3)-α-
glucanases. Not only S. pombe, but also medically important dimorphic fungi,
Histoplasma capsulatum, Paracoccidioides brasiliensis, Blastomyces dermatitidis, and
Coccidioides immitis, contain substantial amounts of cell-wall α-glucan in their
pathogenic yeast form (Hogan et al., 1996), which must be hydrolyzed locally
during cell separation to allow efficient dispersal in the infected organism.
Furthermore, cell-wall α-glucan is abundantly present in the human fungal
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pathogen, Cryptococcus neoformans (James et al., 1990), for which not only
immunocompromised patients but also healthy individuals are at risk due to its
ubiquitous environmental presence (Steven et al., 2002). Interestingly, the C.
neoformans genome encodes four homologs of the S. pombe endo-(1,3)-α-glucanases,
allowing future investigations into potential roles of these enzymes for virulence.
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Abstract

Cell separation in the fission yeast Schizosaccharomyces pombe requires Agn1p, an
endo-(1,3)-α-glucanase involved in the hydrolysis of the cell-wall material that
surrounds the septum, the septum edging. Agn1p, together with other endo-(1,3)-
α-glucanases such as Trichoderma harzianum MutAp, are assigned to a separate
family of glycoside hydrolases, family GH-71. Despite the rapid expansion of this
family, very little is known about the enzyme characteristics of its members. Here
we start an investigation to identify the catalytic residues of Agn1p. Based on
amino-acid sequence similarities, secondary structure predictions, and a three-
dimensional model, we identified two conserved residues in Agn1p, Asp-259 and
Glu-262, that are conserved in all presently known family GH-71 members. We
show that the Agn1 proteins with a mutation in either residue were expressed in
S. pombe cells, but, unlike wild-type Agn1p, they showed no hydrolase activity in
the culture medium. Furthermore, these Agn1p mutants were unable to
complement the clumping phenotype of agn1Δ cells, suggesting that Asp-259 and
Glu-262 may be essential for Agn1p function in vivo.
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Introduction

Glycosidic bonds in polysaccharides are cleaved by glycosidases, a widespread
group of enzymes, which in fungi play an important role in the hydrolysis of the
cell wall. The fungal cell wall comprises an outer layer of glycoproteins that
shields the cell from its environment and an inner layer of polysaccharides that
provides cell strength and maintains structural integrity (Grün et al., 2005; Klis et
al., 2002; Hochstenbach et al., 1998). Despite its protective role against cell lysis due
to intrinsic osmotic pressure, the cell wall is subject to constant remodeling to
allow cell growth and division. In addition, several other stages during the fungal
life cycle require localized cell-wall remodeling; for example, branching in
filamentous fungi, mating of cells of opposite mating type, ascospore dispersal
following sporulation, and hydrolysis of the septum. In all these events, specific
glycosidases may be involved. One such glycosidase is the (1,3)-α-glucanase
Agn1p from the fission yeast Schizosaccharomyces pombe (Dekker et al., 2004,
Chapter 2). Although for many glycosidases the crystal structure and catalytic
mechanism have been studied, only few studies have focused on (1,3)-α-
glucanases. 

The (1,3)-α-glucanase Agn1p functions during the final stage of the S.
pombe cell cycle, cell separation, where it is involved in the hydrolysis of cell-wall
material that surrounds the septum, the septum edging, allowing the two
daughter cells to physically separate (Chapter 2). Based on amino-acid sequence
similarities, Agn1p and its paralog Agn2p are assigned to glycoside-hydrolase
family 71 (GH-71) (Henrissat, 1991). To date 52 polypeptides encoded by the
genomes of eight ascomyceteous fungi and one basidiomyceteous fungus have
been assigned to family GH-71, of which six proteins have been functionally
characterized as a (1,3)-α-glucanase. For two of these (1,3)-α-glucanases, in
addition to S. pombe Agn1p and Agn2p, a physiological role has been proposed.
Most likely, MutAp of the mycoparasitic fungus Trichoderma harzianum is involved
in the hydrolysis of (1,3)-α-glucan present in the cell wall of host fungi, using the
hydrolysis product glucose as a carbon and energy source, whereas MutAp of
Aspergillus nidulans appears to play an intrinsic role during sporulation by
providing a carbon source for fruit body development (Fuglsang et al., 1999; Wei
et al., 2001). 

Besides classification according to amino-acid sequences, glycosidases
can be also grouped into two distinct classes based on their catalytic mechanism.
Retaining enzymes hydrolyze glycosidic bonds via a double-displacement
mechanism with retention of the anomeric configuration, whereas inverting
enzymes hydrolyze glycosidic bonds in a single step with inversion of the
anomeric configuration (Ly and Withers, 1999). Both mechanisms involve a pair
of carboxylic residues, an acid/base catalyst (the proton donor) and nucleophile
for retaining enzymes or a general acid (proton donor) and general base catalyst
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for inverting enzymes. 
Remarkably, of the 106 glycoside hydrolase families identified to date, 22

families fall into three different clans with a (β/α)8 barrel, also called a TIM-barrel,
as common fold (Henrissat and Bairoch, 1996). The classical TIM-barrel consists of
eight (β/α) repeats in which the parallel-oriented β-sheets on the inside of the
barrel are connected via loops with eight α-helices that form the outside of the
barrel (Wierenga, 2001). Although enzymes containing a (β/α)8-barrel structure
can catalyze totally unrelated hydrolase reactions, the residues that form the
active site, the carboxylic residues, are always located at the top of the barrel at the
carboxyl-terminal ends of adjacent β-strands (Wierenga, 2001). Using mutagenesis
and crystallography studies, the catalytic residues have been identified for many
glycosidases with a (β/α)8-barrel fold. 

Here we focus on the identification of putative catalytic residues in the S.
pombe (1,3)-α-glucanase Agn1p. Based on amino-acid sequence alignments of 52
genome-encoded putative (1,3)-α-glucanases and secondary structure predictions
of six of them, we identified an invariant conserved motif, WNDYGES, with two
carboxylic residues, an aspartic acid and a glutamic acid. Complementation
studies using our sedimentation assay showed that, in contrast to wild-type
Agn1p, Agn1 proteins with mutated carboxylic acids, Agn1p-D259N or Agn1p-
E262Q, were unable to complement the clumping phenotype of agn1Δ cells.
Furthermore we show that Agn1p-D259N and Agn1p-E262Q mutant proteins
were expressed but showed no activity in the culture medium.  Fractionation
experiments indicate that both Agn1p-D259N and Agn1p-E262Q were not present
in the culture medium but rather were associated with the low-speed pellet
fraction. We propose that both residues may participate directly in (1,3)-α-glucan
catalysis.

Materials and Methods

Strains and Culture Media
E. coli strain DH5α (GibcoBRL) was used for all plasmid isolations. S. pombe
plasmid transformations were performed using a lithium acetate method (Akada
et al., 2000). Cells were grown in EMM2 culture medium (Moreno et al., 1991)
supplemented with 250 mg/l of adenine sulfate (EMMA) with or without the
addition of 10 μM thiamine.

Alignment and Modeling
Alignments and secondary structure predictions were performed using the
algorithms CLUSTAL W and PsiPRED (http://www.ebi.ac.uk/clustalw; Pearson,
1990; http://bioinf.cs.ucl.ac.uk/psipred; McGuffin et al., 2000). Three-
dimensional modeling of Agn1p was performed using the web-based server
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LOOPP (http://cbsu.tc.cornell.edu/software/loopp; Teodorescu et al., 2004),
using the crystal structure of cellulase Cel5Ap (Protein Database accession
number 1A3H) (Davies et al., 1998). Three-dimensional models were prepared
with DEEP-View (http://www.expasy.org/spdbv; Guex and Peitsch, 1997). 

Construction of plasmids
Primers used in this study are listed in Table I. All PCR amplification reactions
were performed using pfu (Stratagene) or PhusionTM (Finnzymes) polymerase. For
generation of the Agn1p point mutants, the agn1 open reading frame (ORF) was
cloned into a pUC19-based plasmid pAdH002, using primers ND183 and ND186,
generating pND013. Subsequently, the individual point mutations in the agn1
ORF were generated according to the QuickChangeTM site-directed mutagenesis
protocol (Stratagene) using primer combinations ND270−ND271, ND272−ND273,
or ND274−ND275, to generate pND14, pND015, and pND016, with the E253Q,
D259N, or E262Q mutations, respectively. For S. pombe expression, the mutated
agn1 ORFs were recloned between the XhoI and BamHI restriction enzyme sites of
pAdH006, a pREP4-based plasmid (Maundrell, 1993), generating pND017−
pND019. As positive control, the wild-type agn1 ORF was transferred from
pND013 to pAdH006 using the XhoI and BamHI sites, producing pND020. All
constructs used in this study were sequenced in both directions by using a series
of overlapping PCR amplification products (BDT sequencing kit, Applied
Biosystems). For expression, plasmids pND017−pND019, or pAdH006, or
pND020 were transformed to strain ND030 with genotype h− ura4-D18 agn1Δ,
generating strains ND266−ND268, ND261, and ND262, respectively.

Table I. Primers used in this study

Primer Sequence Comments
ND183 5'-AGAGAGCTCGAGTTAACTATGAAGCTTGTGCTATTTCTGG-3' To generate pND013 FW
ND186 5'-TCTCTGGATCCAAAGTACAGAACACCTGTATAGG-3' To generate pND013 REV
ND270 5'-GTTCAGCCTGACATGATTCAAGTTTTGACTTGGAACGATTACG-3' To generate E253Q mutation FW
ND271 5'-CGTAATCGTTCCAAGTCAAAACTTGAATCATGTCAGGCTGAAC-3' To generate E253Q mutation REV
ND272 5'-GGTTTTGACTTGGAACAACTACGGTGAATCACATTATATTG-3' To generate D259N mutation FW
ND273 5'-CAATATAATGTGATTCACCGTAGTTGTTCCAAGTCAAAACC-3' To generate D259N mutation REV
ND274 5'-CTTGGAACGATTACGGTCAATCACATTATATTGGAAATATTCAAGGCG-3' To generate E262Q mutation FW
ND275 5'-CGCCTTGAATATTTCCAATATAATGTGATTGACCGTAATCGTTCCAAG-3' To generate E262Q mutation REV

Immunoblotting
Cells were grown overnight at 28°C in EMMA medium containing 10 μM
thiamine to an OD595 of ~3, washed three times in MQ-H2O, re-inoculated at an
OD595 of 0.5 in EMMA without thiamine, and grown for an additional 24 h to
induce protein expression. Subsequently, cells were separated from the culture
medium by centrifugation at 4000 × g at 4°C for 10 min.  For analysis of Agn1p in
the culture medium, 1.5 ml of the culture-medium fraction was precipitated using
5% (w/v) trichloroacetic acid for 30 min on ice, spun at 13000 × g at 4°C for 30 min,
and taken up in 50 μl sample buffer, of which 20 μl was analyzed. Collected cells
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were taken up in 100 mM Tris-HCl, pH 7.6, and broken with washed glass beads
by using a FastPrep 120 (Bio 101, Vista, CA) at speed 4.0 for two intervals of 10 s,
causing >90% cell lysis. Then, the post-nuclear supernatant was separated from
the cell-wall fraction and large protein complexes by centrifugation at 2300 × g at
4°C for 5 min. Protein concentrations were measured using the Bradford method
with bovine serum albumin as a standard. Total cell lysates were resolved at 15 μg
of protein per lane on an SDS/8% polyacrylamide gel under reducing conditions,
blotted onto nitrocellulose membranes (0.45 μm; Schleicher & Schuell, Keene,
NH), and probed with anti-Agn1p anti-peptide antiserum 890 at 1:200 (v/v) or an
anti-α-tubulin antibody (Sigma; T-5168). The anti-Agn1p antiserum was
generated in rabbits immunized with peptide H2N-CVRRFADKPNQLYYD-
CONH2, based on amino-acid residues 106−119 of S. pombe Agn1p, coupled to
keyhole limpet hemocyanin. Blots were incubated with horseradish peroxidase-
conjugated goat-anti-rabbit IgG or goat-anti-mouse IgG (BioRad, Hercules, CA),
respectively, and developed by chemiluminescence (ECL kit; Amersham
Biosciences). 

Complementation Analysis and Enzyme Assay
Cells were grown overnight at 28°C in EMMA medium containing 10 μM
thiamine to an OD595 of ~3, washed three times in MQ-H2O, re-inoculated at OD595
0.1 in EMMA without thiamine and grown for an additional 24 h to induce protein
expression. Subsequently, the cells were re-inoculated in prewarmed EMMA
medium at an OD595 of 0.5 and grown to an OD595 of 1 for an additional 3 to 4 h.
Sedimentation analysis was performed as described previously (Dekker et al.,
2004). For enzyme assays, cells were treated as described above. After 24 h of
growth, the cells were removed from the culture medium by centrifugation at
2300 × g at 4°C for 5 min. Subsequently, 10 μl of culture medium was incubated
with (1,3)-α-glucan from Lentinula edodes at a final concentration of 900 μg/ml  at
37°C for 1 h. Reaction products were analyzed using the PAHBAH colorimetric
assay (Lever, 1972). 

Results

Agn1p is predicted to fold into a (β  / α)8 barrel
To identify potential catalytic residues of the S. pombe (1,3)-α-glucanase Agn1p,
we aligned the Agn1 amino-acid sequence with those of the characterized (1,3)-α-
glucanases from T. harzianum, T. asperellum, Penicillium purpurogenum, and
Aspergillus nidulans. Additionally, we generated a secondary structure prediction
for each glucanase, using the secondary structure prediction algorithm PSIPRED
(McGuffin, 2000; Figure 1). The predictions show that the (1,3)-α-glucanases start
with a β-sheet and contain a pattern of alternating β-sheets and α-helices,
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indicating a (β/α)8-barrel structure. However, in contrast to the conventional
(β/α)8 barrel, the sequence alignments suggest that the sixth β-sheet may be
absent from (1,3)-α-glucanases (Figure 1, see asterisk). The alignment also
revealed an amino-acid sequence motif, WNDYGES, that is invariant, not only in
these characterized (1,3)-α-glucanases but also in the other putative (1,3)-α-
glucanases (Figure 1, box; data not shown). Importantly, this motif contains two
invariant carboxylic acids: an Asp at position 259 and a Glu at position 262
(numbering according to Agn1p). Additionally, the Glu at position 253 is also well
conserved among approximately 80% of the family GH-71 polypeptides. To
predict the position of the putative catalytic residues in Agn1p, we performed a
tertiary structure prediction using the protein-structure prediction algorithm
LOOPP (Teodorescu et al., 2004).  This program uses threading, a method that
matches probe amino-acid sequences into the three-dimensional shape of a known
protein, taking into account the physical properties of the individual amino acids.
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SpAgn1p         KMVVAHFIVGNTYP-YTVSNWEEDIQDAIAVGIDGFALNMG-SDAW VERIEDAYDAAAS 
SpAgn2p         KAVVAHFMMGLTYN-YAQSDFQNDIQNAISLGLDGFVLNFG-NDSWMMSKLTLMYNAADA 
ThMutAp         RLVFCHFMIGIVGDRGSSADYDDDMQRAKAAGIDAFALNIG-VDGYTD  LGYAYDSAD- 
TaMutAp         RLVFCHFMIGIVGDRGSSSDYDDDMQRAKAAGIDAFALNIG-VDGYTD  LGFAYDSAN- 
PpMutAp         RLVFAHFMVGIVSDRTSASDYDADMQGAKAYGIDAFALNIG-TDTFSD  LGYAYESAA- 
AnMutAp         KYVTAHFMVGIVEN-YTVDDWKHDMELAKETGIDAFALNCASIDSYTDKQLAYAYEAAE- 
 
 
SpAgn1p         VSSDFKLFISFDMSIIS-ADADFIEGVVRRFADKPNQLYYDGKVFVSTFAGETDTFGYSD 
SpAgn2p         LNLQFLLYLNLDMSEMSTVPASTLVTYVQTFANRGHQARINNNVVVGTFLGQDINFGQSS 
ThMutAp         -RNGMKVFISFDFNWWSPGNAVGVGQKIAQYASRPAQLYVDNRPFASSFAG--DGLDVNA 
TaMutAp         -RNGMKVFISFDFNWWSPGNAAGVGQKIAQYANLPAQLYVDNRVFASSFAG--DGLDVNA 
PpMutAp         -NNDMKVFISFDFNWWSTSQATEIGQKIAQYGSLPGQLMYDDKIFVSSFAG--DGVDVAA 
AnMutAp         -EVDFKVFISFDFAYWSNGDTARITSIMQTYADHPGQFQYNGAALVSTFVG--DSFDWGP 
 
 
SpAgn1p         VSTGWDSAVKEPLASAGYPIYFVPSWTS-LGQGALEESVADGFLSWNAWPTTDAD----- 
SpAgn2p         VNQGWQVAFKNALASAGINIFFMPTWPLDASTIYQTYPVADGFCKWNCWPYYTSS----- 
ThMutAp         LRS-----------AAGSNVYFVPNFH--PGQ--SSPSNIDGALNWMAWDNDGNNKAPKP 
TaMutAp         LRS-----------AAGSNVYFVPNFH--PGQ--SSTSNIDGALNWMAWDNDGNNKAPKP 
PpMutAp         LKS-----------AAGGNVFFAPNFH--PSYG-TDLSDVDGLLNWMGWPSNGNNKAPTA 
AnMutAp         VKR-----------AVDHPIFAVPNLQD-PNWAGHATTSIDGAFSWYAWPTDGGNSIIK- 
 
 
SpAgn1p         -MNDNDDIGY NLANSLG-KLYVAPVSPWFYTHLS-----YKNWAYKSDWLIIDRWNEML 
SpAgn2p         -PTSDAEDLVYI NSKATNKKYMATVSPIFYTHFT-----SKNYSFFSEGLWFTRWM LI 
ThMutAp         GQTVTVADGDNAYKNWLGGKPYLAPVSPWFFTHFGPEVSYSKNWVFPGGPLIYNRW  VL 
TaMutAp         GQNVTVADGDNAYKSWLGSKPYLAPISPEFFTHFGPEVSFSKNWVFPSGALIYNRW  IL 
PpMutAp         GANVTVEEGDEEYITALDGKPYIAPASPWFSTHFGPEVTYSKNWVFPSDLLFYQRWNDLL 
AnMutAp         GPMTTIWD--DRFRNNLKDKVYMAPVSPWFSTHFN-----TKNWVFICEDLPHLRWQQML 
 
 
SpAgn1p         SVQPDMIEVLTWNDYGESHYIGN----IQGALP-AGSEGYVDGFDHTAWRYLMSPYISAY 
SpAgn2p         KDQPNYV VLTWNDYGESTYIGPTNYAADFPVIGSNSHEWVDSFTHAPLSYSLPLFI MY 
ThMutAp         QQGFPMVEIVTWNDYGESHYVGP----LKSKHFDDGNSKWVNDMPHDGFLDLSKPFIAAY 
TaMutAp         QQGFPMVEIITWNDYGESHYVGP----LKSKHYDDGNSKWTNDMPHDGFLDLSKPFIAAY 
PpMutAp         NLGPQFIEVVTWNDYGESQYVGP----LNSPHTDDGSSRWANDMPHDGWLDLAKPYIAAF 
AnMutAp         EMQPELIEIISWNDYGESHYIGP----YSEAHSDDGSAQWTKDFPHDAWRIIAKPYIAAY 
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Figure 1. Amino-acid sequence alignment and secondary structure predictions for the catalytic domains of
characterized (1,3)-α-glucanases. The sequences of S. pombe Agn1p (GenBank accession number CAG47121.1) and
Agn2p (AAT84065.1) were aligned with MutA proteins of Trichoderma harzianum (CAC48025.1), T. asperellum
(CAH04880.1), Penicillium purpurogenum (AAF27912), and Aspergillus nidulans (CAC48025). Amino acids predicted to
form a β-sheet are shaded in dark grey, whereas those predicted to form an α-helix are shaded in light grey. The
highly conserved WNDYGES motif is boxed. Note that the polypeptides show an alternating pattern of β-sheets and
α-helices, in which the sixth β-sheet appears to be absent (indicated by an asterisk). Proposed catalytic residues are
indicated by #, and conservation of Agn1p-E253 is indicated by an arrow.
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Prediction of the three-dimensional structure of Agn1p showed that its structure
correlated best with that of the cellulase Cel5Ap from Bacillus agaradhearens
(Davies et al., 1998). Cel5Ap contains a typical (β/α)8 barrel structure, with its
catalytic residues situated in the cleft (Fig 2B, right panel) on top of the barrel (Fig
2B, left panel). Very similar to the equivalent carboxylic acids of Cel5Ap, the
carboxylic acids Asp-259 and Glu-262 in the WNDYGES motif of Agn1p are
predicted to locate in a β/α loop on top of the barrel (Figure 2A). By contrast, Glu-
253 is predicted to locate within a β-sheet, and situates in contrast to the other two
carboxylic acids in the center of the barrel (Figure 1, 2A), indicating that this
residue may not be important for hydrolase activity of Agn1p. The fact that the
catalytically active endo-(1,3)-α-glucanase Agn2p (Chapter 3) encodes a Gln at this
position (Q245) corroborates this hypothesis. Together, we hypothesize that,
unlike Glu253, the carboxylic acids Asp-259 and Glu-262 may be important for
enzymatic function of Agn1p. 
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Glu262

Glu253

Glu139
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Figure 2. Tertiary structure prediction shows Agn1p folded into a (β/α)8-barrel. Representation of the predicted
Agn1p barrel fold (A) and the Cel5Ap crystal structure (B) from a side view (left) or a top view along the barrel axis
(right). Backbone is presented as a grey ribbon and amino acids mutated in Agn1p are presented by sticks and balls.
Characterized catalytic residues in Cel5Ap are indicated. Note that Glu-253 from Agn1p is located within the barrel,
whereas Asp-259 and Glu-262 are located on top of the barrel. The three-dimensional model is created with DEEP-
View (Guex and Peitsch, 1997).
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Agn1p-D259N or Agn1p-E262Q mutant proteins are not secreted in the culture
medium as active (1,3)-α-glucanases.
To investigate directly whether the carboxylic acids Asp-259 and Glu-262 are
important for enzymatic activity of Agn1p, we replaced Asp-259 for the isosteric
amino acid Asn or Glu-262 for Gln, respectively, and expressed the mutant
proteins in S. pombe cells. As a control, we replaced the Glu-253 for Gln. In contrast
to wild-type cells and agn1Δ cells, which show hardly any endogenous (1,3)-α-
glucanase activity in the culture medium, high (1,3)-α-glucanase activity was
detected in the culture medium of agn1Δ cells overexpressing wild-type Agn1p
(Figure 3). For Agn1p-E253Q, the levels of (1,3)-α-glucanase activity in the culture
medium were comparable to those of wild-type Agn1p. By contrast, hardly any
activity was detected in the culture medium of cells overexpressing Agn1p-D259N
or Agn1p-E262Q, indicating that the latter two mutant proteins may be
catalytically inactive. 

Agn1p-D259N and Agn1p-E262Q mutant proteins show an altered cellular
localization
Given that the culture medium of agn1Δ cells expressing either Agn1p-D259N or
Agn1p-E262Q failed to show any activity, we investigated the cellular localization
of the Agn1p mutant proteins using immunoblot analyses. To this end, we
overexpressed them, along with wild-type Agn1p, in the agn1Δ strain and
collected the cells during exponential growth. Then, the cells were broken and the
post-nuclear supernatant was separated from unbroken cells and cellular material
associated with cell walls and nuclei by low-speed centrifugation (see Materials
and Methods). An immunoblot analysis to detect Agn1p using an anti-Agn1-
peptide antiserum showed that wild-type Agn1p is mostly secreted into the
culture medium (Figure 4). A similar cell distribution pattern was observed for the
Agn1p-E253Q mutant protein, which was also mostly secreted into the culture
medium. These data are consistent with the (1,3)-α-glucanase activities observed
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972 Figure 3. Cells overexpressing the Agn1p-
D259N or Agn1p-E262Q mutant proteins
do not show (1,3)-αα-glucanase activity in
the culture medium. Along with wild-type
cells, agn1Δ cells expressing either wild-
type Agn1p or a mutant Agn1 protein were
grown to mid-exponential phase. Culture
medium was collected and tested for (1,3)-
α-glucanase activity.

Proefschrift N.Dekker_U.qxp  30-10-2006  15:40  Page 81



for cells expressing wild-type Agn1p or Agn1p-E253Q in the culture medium
(Figure 4). Immunoblot analysis to locate Agn1p-D259N and Agn1p-E262Q
revealed an unexpected pattern of localization. In contrast to wild-type Agn1p,
Agn1p-D259N and Agn1p-E262Q mutant proteins were hardly detected in the
culture medium (Figure 4C). Instead, they remained associated to the low-speed
pellet fraction, even after extensive washing (Figure 4B, data not shown). Possibly,
these mutant proteins may fold incorrectly, resulting in their retention by the
quality control mechanism resident in the endoplasmic reticulum, which is
enriched in the low-speed pellet fraction. Alternatively, these mutant proteins
may fold correctly but fail to catalyze hydrolysis. In this scenario, the mutant
proteins would traverse the secretory pathway and reach the cell wall. We
propose that, although Agn1p-D259N and Agn1p-E262Q may have lost their
catalytic activity, they may have retained their (1,3)-α-glucan-binding properties,
thereby allowing them to bind cell-wall (1,3)-α-glucan and thus become enriched
in the low-speed pellet.
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Figure 4. Agn1p mutants are mislocalized to the
S. pombe cell wall-enriched fraction. agn1Δ cells
overexpressing wild-type or mutant Agn1p
proteins were grown to mid-exponential phase in
EMMA medium. Equivalent amounts of cell-wall
enriched fractions were obtained by breaking the
cells followed by a low-speed centrifugation step
(A,B), whereas culture medium fractions were
obtained by precipitation with 5% (w/v)
trichloroacetic acid (C). Samples were resolved by
8% SDS-PAGE under reducing conditions and
visualized by immunoblot analysis using anti-
Agn1p-anti-peptide antiserum 890. As a loading
control, α-tubulin was used. Note that large α-
tubulin complexes are present in the cell-wall
fraction after low-speed centrifugation, but absent
from the culture medium. Note also that both wild-
type Agn1p and Agn1p-E253Q are detected mainly
in the culture medium, whereas Agn1p-D259N
and Agn1p-E262Q mutant proteins mainly localize
to the S. pombe cell wall-enriched low-speed pellet
fraction.
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Agn1p-D259N or Agn1p-E262Q mutant proteins are unable to complement the
clumping phenotype of agn1Δ cells
To study whether the mutant Agn1 proteins were able to complement the
clumping phenotype of agn1Δ cells, we used our sedimentation assay (Chapter 2).
agn1Δ cells were transformed with either an empty plasmid, or plasmids carrying
wild-type agn1 or one of the mutant genes. Unlike wild-type cells, which
sedimented hardly during 30 min, agn1Δ cells carrying an empty plasmid
sedimented with a sedimentation index of 19 ± 1 min (Figure 5, Table II).
Overexpression of wild-type agn1 from the nmt1-1 promoter partially restored this
clumping phenotype, showing a sedimentation time of >30 min. Interestingly, in

contrast to the Agn1p-E253Q control mutant, which upon overexpression
complemented the agn1Δ clumping phenotype to a similar extent as wild-type
Agn1p, Agn1p-D259N and Agn1p-E262Q failed to complement the clumping
phenotype and showed sedimentation indexes similar to that of agn1Δ cells
carrying an empty plasmid (Figure 5, Table II). Together these data indicate that
Asp-259 and Glu-262 are important for folding of Agn1p or for its enzyme
function in vivo.

Table II. Sedimentation analysis of S. pombe strains expressing mutant forms of Agn1p

Genotype Strain Sedimentation timea

80% of                         50% of

initial OD595 initial OD595

Wild type 972 >30 >30

agn1Δ [empty plasmid] ND414 15 ± 1 19 ± 1

agn1Δ [agn1] ND262 27 ± 2 >30

agn1Δ [agn1-E253Q] ND266 26 ± 3 >30

agn1Δ [agn1-D259N] ND267 15 ± 1 18 ± 1

agn1Δ [agn1-E262Q] ND268 15 ± 1 20 ± 4
a Sedimentation times (min) are the times required for the OD595 of the individual cultures to decrease to 80% or 50%

of their initial values and are the mean ± SD of 3 individual experiments. 
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Figure 5. Agn1p-D259N and Agn1p-E262Q
mutant proteins are unable to complement the
clumping phenotype of agn1ΔΔ cells.
Sedimentation analysis on wild-type cells and
agn1Δ cells overexpressing either wild-type or
mutant forms of Agn1p. Data are presented as
the mean ± SD of three independent
experiments. Note that, in contrast to mutation
of E253Q, mutation of D259N or E262Q render
Agn1p functionally inactive.

Proefschrift N.Dekker_U.qxp  30-10-2006  15:40  Page 83



Discussion

In this report we provide preliminary evidence for a role of the invariant
carboxylic acids Asp-259 and Glu-262 for enzyme function of S. pombe Agn1p.
Upon overexpression, wild-type Agn1p as well as mutant protein Agn1p-E253Q
were secreted into the culture medium (Figure 5), where they show (1,3)-α-glucan
hydrolyzing activity (Figure 4) and partial complementation of the agn1Δ
clumping phenotype (Figure 3). By contrast, the Agn1p-D259N and Agn1p-E262Q
mutant proteins associated strongly with the cell wall-enriched low-speed
fraction and were unable to complement the agn1Δ clumping phenotype (Figure
4), suggesting indirectly that both mutants bound, but failed to hydrolyze, cell-
wall (1,3)-α-glucan (Figure 5).

S. pombe Agn1p appears to display a three-dimensional structure similar
to that of the endo-cellulase Cel5Ap from Bacillus agaradhaerens. This family GH-5
enzyme is grouped in clan GH-A, a superfamily of different types of enzymes that
share a common (β/α)8-barrel fold and a conserved catalytic mechanism (Davies
et al., 1998). GH-A enzymes use two key carboxylic acids located on the carboxyl-
terminal ends of β-sheets 4 and 7, that are involved in a two-step retaining
mechanism (Ly and Withers, 1999). Our results suggest that one of the two
invariant carboxylic acids in Agn1p, Asp-259 or Glu-262, that both locate at the
end of β-sheet 8, may be active as the key proton donor or acceptor, whereas the
other might function by assisting in fixation and perhaps distortion of the (1,3)-α-
glucan substrate through hydrogen bonding. Another carboxylic acid located
opposite of these two amino acids in the cleft of the (β/α)-barrel should, however,
also be present to assist in the catalytic mechanism (Ly and Withers, 1999). Indeed,
a second Asp (at position 54 in the Agn1 amino-acid sequence) is invariant in all
the (1,3)-α-glucanases grouped in family GH-71. Moreover this Asp also locates
on top of the barrel in the Agn1p model, following the third β-sheet at a position
opposite to that of Asp-259 and Glu-262 (data not shown). We hypothesize that
this Asp-52 may be another key amino acid essential for (1,3)-α-glucanase
function.

Glycoside hydrolases of the GH-A clan contain a (β/α)8 barrel and
perform catalysis through a retaining mechanism. However, we showed that the
(1,3)-α-glucanase MutAp from Trichoderma harzianum hydrolyzes (1,3)-α-glucan
with an inversion of configuration (Chapter 3). To invert the configuration of the
anomeric carbon, a specific distance between the catalytic carboxylic acids is
required (Ly and Withers, 1999). In inverting enzymes, the span between these
carboxylic acids is larger than for retaining enzymes, because the catalytic cleft
must accommodate a water molecule to assist in the nucleophilic attack. Perhaps
the absence of the sixth β-sheet in MutAp and other (1,3)-α-glucanases may play
a role in creating a more open (β/α) barrel structure, thereby allowing the water
molecule to enter the catalytic center of the enzyme. If correct, the (1,3)-α-
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glucanase MutAp may be the first (β/α)8 enzyme functioning with an inverting
mechanism.

Agn1p is a non-processive endo-(1,3)-α-glucanase, which consists of a
single domain, whereas T. harzianum MutAp is a processive endo-(1,3)-α-
glucanase, containing an additional carbohydrate-binding domain (CBM)
(Chapter 3). Similar to the cellulases Cel6Ap and Cel7Ap from T. reesei, Cel5Ap
contains a CBM (Davies et al., 1998). Despite the presence of the CBM, this enzyme
functions as a non-processive endo-cellulase, showing that the presence of the
CBM not always correlates with enzyme processivity. Moreover, despite the
presence of a CBM in both structurally homologous cellulases Cel7Ap and Cel7Bp
from T. reesei, Cel7Ap functions with a processive exo-hydrolytic mechanism,
whereas Cel7Bp functions with a non-processive endo-hydrolytic mechanism
(Divne et al., 1994; Kleywegt et al., 1997). The major difference between these two
enzymes is the length of the (β/α) loops. For Cel7Ap, which contains much longer
(β/α) loops than Cel7Bp, it has been suggested that these loops may be important
for processivity, since they can fold over the substrate, thereby generating a
tunnel-like structure, which may assist in retaining the substrate after the initial
cleavage. Unlike for these cellulases, no major length differences between the
(β/α) loops can be detected between Agn1p and MutAp (Figure 1). This suggests
that in the case of the (1,3)-α-glucanases, the CBM might indeed be involved in
processivity, perhaps by retaining the substrate close to the catalytic cleft after the
initial hydrolytic event.

In this study we demonstrate that the Agn1p-D259N and Agn1p-E262Q
mutant proteins are misfolded or catalytically inactive. Misfolding seems unlikely,
since both Asp-259 and Glu-262 were mutated to their equivalent isosteric amino
acids. Alternatively, due to either mutation, the proteins may be rendered
catalytically inactive, while retaining their (1,3)-α-glucan-binding capacity. To
distinguish between these possibilities, we tried to express the mutant and wild-
type Agn1 proteins in S. cerevisiae, which lacks cell-wall (1,3)-α-glucan.
Unfortunately, preliminary experiments were unsuccessful due to low protein
expression (data not shown). Nonetheless, our study provides the first
experimental data that are consistent with a role for the two invariant amino acids
Asp-259 and Glu-262 in the catalytic mechanism of Agn1p, meriting further
investigations into their precise functions.
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Abstract

During sporulation in the ascomyceteous fungus Schizosaccharomyces pombe, four
haploid ascospores are synthesized within the cell wall of the diploid cell, the
ascus. After full maturation, these ascospores are dispersed into the environment
by the hydrolysis of the ascus wall. Recently, we identified Agn2p as the paralog
of the characterized endo-(1,3)-α-glucanase Agn1p, and showed that in diploids
deleted for agn2, ascospore dispersal was severely affected, suggesting a role for
Agn2p in hydrolyzing the ascus wall. Here we show that purified Agn2p, like
Agn1p, hydrolyzes (1,3)-α-glucosidic linkages with high specificity, producing
predominantly (1,3)-α-glucan pentasaccharides. Ascopore dispersal in cells
expressing agn2 from the inducible nmt1 promoter correlated directly with agn2+

expression.  Finally, we demonstrate that purified recombinant Agn2p is able to
complement the in vivo function of Agn2p. We propose that Agn2p may assist in
compromising ascus-wall integrity by generating breaks in the (1,3)-α-glucan
structure, thereby releasing the ascospores from the ascus.

88

Proefschrift N.Dekker_U.qxp  30-10-2006  15:40  Page 88



89

Introduction

Gametogenesis in ascomyceteous fungi, sporulation, is a unique morphogenetic
process which involves the formation of haploid gametes within the cell wall of a
diploid cell. The fission yeast Schizosaccharomyces pombe is an attractive model
eukaryote to study sporulation, since its genome has been sequenced, and
mutants affected in sporulation can be generated (Wood et al., 2002). In S. pombe
diploids, a sporulation program is induced upon deprivation of nutrients,
especially nitrogen, culminating in the formation of four haploid ascospores
within an ascus, the defining structure for ascomyceteous fungi (Bresch et al., 1968;
Yoo et al., 1973). After full maturation of the ascospores, endolysis of the protective
mother cell wall takes place to release the ascospores (Tanaka and Hirata, 1982).
Although lysis of the ascus wall is of importance for S. pombe dispersal, its
molecular mechanism is poorly understood. 
Sporulation in S. pombe involves two main complex molecular processes, namely
meiosis and subsequent ascospore formation. Upon nutrient stress, haploid cells
of opposite mating types conjugate to form a zygote and the nuclei fuse in a
process called karyogamy. After karyogamy, one round of DNA replication takes
place, followed by successive nuclear divisions called meiosis I and II, generating
four haploid nuclei, which develop into individual ascospores (Tanaka and
Hirata, 1982; Shimoda, 2004). Ascospore formation starts during meiosis II with
the morphological change of the four nuclei-associated spindle pole bodies into a
multi-layered structures (Hirata and Shimoda, 1994; Hagan and Yanagida, 1995).
These specialized structures expand by the fusion of membrane vesicles more or
less synchronously at each individual nucleus, generating double membrane
structures, termed the forespore membranes, which will finally encapsulate their
respective nucleus (Tanaka and Hirata, 1982). Subsequent ascospore wall
synthesis proceeds within the lumen created by each double-membrane structure
with the deposition of new cell-wall material, generating four individual
ascospores within the mother cell, the ascus (Yoo et al., 1973).

The composition of the ascospore wall has been studied extensively in
budding yeast Saccharomyces cerevisiae (Lynn and Magee, 1970; Coluccio et al.,
2004; Neiman, 2005). In contrast to the S. cerevisiae mother cell wall, which consists
of two carbohydrate layers that will form the ascus wall, the ascospore wall
consists of four layers (Briza et al., 1990). The inner two layers are predominantly
composed of (1,3)-β-glucan and mannan, and appear in electron microscopy as an
electron-transparent layer very similar in morphology to the vegetative cell wall
(Lynn and Magee, 1970). The outer electron-dense layers are unique to the
ascospore and consist of chitosan, a deacetylated form of chitin, and an outermost
thin layer that predominantly consists of cross-linked dityrosine molecules (Briza
et al., 1988, 1994). The addition of two layers offers increased protection against
stress conditions as compared to vegetative cells. In S. pombe, the ascospore wall
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comprises an electron-transparent inner layer, similar in composition of the cell
wall and ascus wall, and an electron-dense outer layer (Yoo et al., 1973). In contrast
to S. cerevisiae, very little is known about the exact composition of the ascospore
wall from S. pombe. However, a few studies report on the enzymes involved in the
biosynthesis of the individual components of the ascospore wall. These include
the chitin synthase Chs1p, putative chitin deacetylase Cda1p, β-glucan synthase
Bgs2p, and α-glucan synthases Mok12 and Mok13, which are all required for
proper ascospore-wall development (Arrelano et al. 2000, Liu et al., 2000; Martín et
al., 2000; Matsuo et al., 2005; Garciá et al., 2006). 

Genome-wide transcription profiling experiments on synchronously
sporulating S. pombe cells have revealed that the genes involved in sporulation are
periodically expressed in four subsequent waves. The first wave is a response to
nutrient deprivation; the second, an early wave during premeiotic S phase; the
third, or middle, wave corresponds to meiosis I and II; and the fourth, or late,
wave coincides with ascospore formation (Mata et al., 2002). Among the genes
induced during the middle and late waves are those that encode enzymes
involved in the synthesis of the ascospore wall. Interestingly, the gene encoding a
paralog of the (1,3)-α-glucanase Agn1p, Agn2p, is also highly upregulated during
the middle phase. Recently, we showed that, although agn2+ is also expressed
during vegetative growth, it appears to function during sporulation (Dekker et al.,
2004). Agn2p-GFP localized to the epiplasm, the residual cytoplasm of the diploid
cell, which surrounds the ascospores inside the ascus wall (Yoo et al., 1973).
Finally, diploid cells deleted for agn2 showed a severe defect in the release of
ascospores from the ascus, identifying Agn2p as the first enzyme involved in the
endolysis of the S. pombe ascus wall. The fact that Agn1p is an endo-(1,3)-α-
glucanase, and that the ascus wall, derived from the cell wall of the diploid cell,
contains (1,3)-α-glucan, prompted us to investigate the enzyme characteristics of
Agn2p.

Here we show that, like cell-separation hydrolase Agn1p, Agn2p
functions as an endo-(1,3)-α-glucanase that hydrolyzes (1,3)-α-glucan
predominantly into pentasaccharides. Furthermore, we show that remnants of the
ascus wall of agn2Δ/agn2Δ tetrads are hydrolyzed upon incubation with purified
Agn2p-his, releasing the individual ascospores into the culture medium. We
propose that Agn2p is specifically involved in the hydrolysis of (1,3)-α-glucan
from the ascus wall to achieve efficient ascospore dispersal. 

Materials and Methods

E. coli strains and culture conditions
For agn2-his expression, Lon protease-negative E. coli strain SG13009 (QIAGEN,
Valencia, CA) was used. LB medium was prepared according to Maniatis et al.
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(1982). Cells of strain JR006, harboring pND010, were grown at 37°C to an OD600
of 0.4 in 1 l LB medium, supplemented with 2% glucose, and 100 μg/ml ampicillin
and 50 μg/ml kanamycin. Subsequently, the cells were transferred to 21°C, grown
to an OD600 of 0.7 and induced for 6 h by addition of 0.1 mM IPTG (Invitrogen).
Cells were harvested by centrifugation for 10 min at 9000 × g and stored at -80°C.
S. pombe mating was performed on solid agar medium containing 3% (w/v) malt
extract. Diploid cells were selected on solid agar containing EMM2 medium. For
Agn2p function analysis, diploid cells were grown in EMM2 medium with or
without 10 μM thiamine containing 1% (w/v) ammonium chloride (Moreno et al.,
1991). To induce sporulation, cells were transferred to EMM2 medium with or
without 10 μM thiamine containing 0.5% (w/v) sodium glutamate instead of
ammonium chloride. 

Cloning procedures
For overexpression of agn2+ from a plasmid, the agn2 ORF (SPBC646.06c) was
amplified from genomic DNA of wild-type strain 972, using primers ND173 (5'-
AGAGAGCCATGGCGTCGTTAACAACAGCTT-3') and ND174 (5'-AGAGAGA
GATCTCCAGGATATCCTAGTGGTGCA-3'), and cloned into the NcoI and BglII
restriction enzyme sites of plasmid pQE60 (QIAGEN, Valencia, CA), generating
pND010. 

Generation of mutant S. pombe strains
Deletion of the agn2 ORF was performed as described in Chapter 2. Strains ND080
and ND088 were generated by crossing FYC15 (h+ ade6-M216) with FYC11 (h− ade6-
M210) strains and ND047 (h+ agn2Δ ade6-M216) with ND044 (h− agn2Δ ade6-M210)
strains, respectively. For overexpression of agn2+ from its chromosomal locus, a
kanMX6-3nmt1 cassette was integrated in front of the agn2 ORF by using a PCR-
mediated strategy using primers ND161 (5'-TTGTATAGCGGCAGTCATCGGCT
AGACCTTTGAAAGCGGACAGCTTGCATTTCCACTAACCAACTTAAATATC
ACTTAGAATTCGAGCTCGTTTAAACTG-3') and ND162 (5'-AGCATAATTGTA
CGTAAGACCCATCATAAAATGGGCTACAACGGCTTTATTCGGTAAAGCTG
TTGTTAACGACGCCATGATTTAACAAAGCGACTATAAG-3') (Bähler et al.,
1998), producing strain ND196 (h− ade6-M210 Pnmt1-agn2-kanMX6).
Subsequently, this strain was crossed with strain ND047, generating diploid strain
ND227. Hot-start PCR amplification products were obtained in 28 cycles by using
Taq polymerase (TaKaRa, Otsu, Japan). Transformations were performed using a
lithium-acetate method (Bähler et al., 1998), with minor modifications (Chapter 2).
PCR analyses were used to verify correct genomic integration. 3
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Conjugation and sporulation assay
Conjugation and sporulation were induced by spotting 6 μl of cells (1.5 × 105 cells)
of opposite mating types onto agar plates containing malt extract medium,
followed by an incubation at 25°C for 3 days. Subsequently, the cells were treated
with iodine vapor for 4 min to monitor ascospore formation. 

Ascospore release from agn2Δ/agn2Δ tetrads
To induce sporulation, cells were transferred from EMM2 medium containing 1%
(w/v) ammonium chloride to EMM2 medium containing 0.5% (w/v) sodium
glutamate, and incubated at 28°C for 7 days. To release ascospores, mature
agn2Δ/agn2Δ tetrads were washed and resuspended in 300 μl 50 mM sodium
acetate, pH 5.6, and incubated with 30 μg α-amylase (Roche 161764), 30 μg
zymolyase-T20 (Seikagaku 120491), 30 μg/ml chitinase (Sigma C-7809), MutAp, or
Agn2p-his at 37°C for 1 h, and release of ascospores were determined.

Agn2p-his purification
Cell pellets from strain JR06 were resuspended in 50 mM potassium phosphate,
pH 8.0, 0.5 mM PMSF, and 1 μl/ml of protease inhibitor cocktail (Sigma P-8215),
(buffer 1) treated with 1 μg/ml lysozyme (Sigma L6876) on ice for 30 min, and
sonicated on ice 6 × 10 s at 10 microns (MSE Soniprep 150). Subsequently,
sonicated lysates were incubated with 1 μg/ml DNase I and 2.5 μg/ml RNase A
on ice for 15 min and cell debris removed by centrifugation at 4°C at 10,000 × g for
15 min. Cleared lysates were incubated with pre-washed nickel-NTA resin
(QIAGEN) at 4°C for 1 h.  Then, the resin was washed with buffer 1 containing 10
mM imidazole, and Agn2p-his was eluted in fractions by addition of buffer 1
containing 250 mM imidazole. Fractions with highest (1,3)-α-glucanase activity
were pooled and the buffer exchanged for 50 mM MOPS, pH 7.2, using a gel-
filtration column (PD-10; Amersham Biosciences). The eluate was loaded onto an
anion-exchange column (Mono-Q; Amersham Biosciences) and Agn2p-his was
eluted using a linear gradient of potassium chloride to 250 mM. Fractions with
highest (1,3)-α-glucanase activity were used for further study. Purity was
monitored by SDS-PAGE analysis.

Enzyme reactions
Substrate specificity was determined by incubation at 37°C for 20 min of Agn2p-
his with the following substrates at a concentration of 2 mg/ml in 50 mM sodium
acetate, pH 5.6: carboxymethylated, then reduced, (1,3)-α-glucan (Laetiporus
sulphureus), (1,4)(1,6)-α-glucan (starch; Fluka 85642), reduced (1,4)(1,6)-α-glucan
(glycogen;  Sigma G-8751), reduced (1,4)(1,6)-α-glucan (pullulan; Sigma P-4516),
reduced (1,6)-α-glucan (dextran; Sigma D-9260), carboxymethylated (1,4)-β-
glucan (cellulose; Sigma C-5678), or reduced (1,3)-α-mannan (mannan; Sigma M-
7504). The pH optimum was determined by monitoring Agn1p-his and Agn2p-his
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activity on carboxymethylated and reduced (1,3)-α-glucan (~1 mg/ml) in 50 mM
glycine buffer (pH 1.0−3.0), 50 mM sodium acetate buffer (pH 3.0−6.5), 50 mM
MOPS buffer (pH 6.0−8.0), or 50 mM tricine buffer (pH 8.0−9.0), at 37°C for 20 min.
Free reducing ends were analyzed using colorimetric assays with p-
hydroxybenzoic acid hydrazide (PAHBAH) (Lever, 1972). Inhibition of Agn2p-his
activity by exo-glucanase inhibitors was performed as described in Chapter 4.

Product analysis
O-(Carboxy)methylation and polysaccharide reduction were performed as
described previously (Takasaki and Kobata, 1978; Kiho et al., 1989). To remove
short oligosaccharides from 4 mg methylated, then reduced, (1,3)-α-glucan
isolated from fruit bodies of Laetiporus sulphureus, a gel-filtration column (PD10;
Amersham Biosciences) was used. Flow-through fractions were pooled and used
for further study. Fifty microliters of the (1,3)-α-glucan were incubated with either
Agn1p-his or Agn2p-his in 25 mM sodium acetate, pH 6.0, containing 1 mM
calcium chloride. To discard undigested (1,3)-α-glucan and enzyme after
hydrolysis, a 5-kD Ultrafree-MC filter spin column (Millipore, Bedford, MA) was
used. Reaction products formed at 37°C after enzyme incubation for 0, 90, 150, or
240 min, were labeled with anthranilic acid as described by Neville et al. (2004).
Briefly, 20 μl reaction product was incubated with 80 μl sodium
cyanoborohydride (final concentration 45 mg/ml), 30 mg/ml anthranilic acid
(AA), 2% w/v boric acid, 4% w/v sodium acetate trihydrate in methanol at 80°C
for 60 min. Excess of cyanoborohydride was removed using Discovery DPA-6S
columns (Sigma). Purified 2-AA-labeled oligosaccharides were separated by
normal-phase high-performance liquid chromatography (NP-HPLC) using a 4.6 ×
250-mm TSK gel-Amide 80 column (Anachem, Luton, Beds, UK), using 100 mM
ammonium acetate, pH 3.85, and acetonitrile (1:4, v/v) (solvent A). Solvent B was
composed of 20 mM ammonium acetate, pH 3.85, in MQ-H2O, and acetonitrile
(4:1, v/v). Samples were injected in MQ-H2O/acetonitrile (2:8, v/v). Gradient
conditions for HPLC analysis were as follows: time at 0 min (t = 0), 100% solvent
A (0.8 ml/min); at 6 min, 86% solvent A (0.8 ml/min); at 35 min, 54.7% solvent A
(0.8 ml/min); at 37 min, 5% solvent A (1 ml/min); at 39 min, 5 % solvent A (1
ml/min); at 41 min, 86% solvent A (1 ml/min); at 42 min, 86% solvent A (1.2
ml/min); at 54 min, 86% solvent A (1.2 ml/min); and, at 55 min, 86% solvent A
(0.8 ml/min). (1,3)-α-Glucan oligosaccharides were purified as described in
Chapter 4 and used as a standard. 
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Results

Agn2p is an endo-(1,3)-α-glucanase
To characterize the role of Agn2p during sporulation, we investigated its enzyme
specificity. To this end, we tagged Agn2p at its carboxyl terminus with six
histidines and used E. coli as a host for expression, because it lacks endogenous
(1,3)-α-glucanase activity. Recombinant Agn2p-his was purified from cell lysates
(Figure 1, lane 1) by using immobilized metal-ion affinity chromatography
followed by anion-exchange chromatography (Figure 1, lanes 2 and 3). In SDS-
PAGE followed by silver staining, purified Agn2p-his resolved as a single band
with an apparent molecular mass of ~50 kDa (Figure 1, lane 3), which is in close
agreement with its calculated molecular mass of 48.9 kDa. 

To investigate the enzymatic activity of Agn2p-his, we first determined its
substrate specificity. To this end, we incubated purified Agn2p-his with different
mannan or glucan substrates and measured the release of reducing ends using a
colorimetric assay (Figure 2A). No activity was observed with (1,3)-α-mannan as
a substrate, demonstrating specificity of Agn2p for glucosidic linkages. In
addition, no activity was observed when (1,3)-β-glucan, (1,4)-α-glucan, or (1,6)-α-
glucan was used. Strong activity was observed only when (1,3)-α-glucan was used
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Figure 1. Purification of Agn2p-his. Agn2p-his was purified from cell lysates from strain JR006 (lane 1) by
immobilized nickel nitrilotriacetic-acid affinity chromatography (lane 2), followed by anion-exchange
chromatography (lane 3).
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as a substrate, demonstrating that Agn2p-his shows high specificity for (1,3)-α-
glucosidic linkages.

To study whether Agn2p hydrolyzes (1,3)-α-glucosidic linkages from the
non-reducing end of the (1,3)-α-glucan chain (exo-hydrolytic activity) or within
the polysaccharide chain (endo-hydrolytic activity), we performed two
independent experiments. First, we tested the effect of the characterized inhibitors
of exo-catalytic enzymes, 1-deoxynojirimycin, N-methyl-1-deoxynojirimycin,
castanospermin, D-glucono-1,5-lactone, or conduritol-β-epoxide on Agn2p-his
activity. No significant inhibitory effect was observed upon Agn2p-his pre-
incubation with these compounds, suggesting that Agn2p-his lacks exo-catalytic
activity (Figure 2B). Second, we analyzed the reaction products formed after
Agn2p-his incubation with purified insoluble (1,3)-α-glucan from fruit bodies of
the fungus Laetiporus sulphureus, using high-performance liquid chromatography
(HPLC). Along with Agn1p, we analyzed the product size-distribution profiles of
Agn2p (Figure 3). HPLC analysis of untreated (1,3)-α-glucan (Figure 3, t = 0)
showed no significant peaks, indicating that detectable (1,3)-α-glucan oligomers
were absent from the substrate at the start of the experiment. After 90 min of
incubation with Agn2p-his, peaks with a degree of polymerization (DP) ranging
between 2−10 became clearly visible. After 240 min of incubation, the digestion
pattern of Agn2p-his was remarkably similar to that of Agn1p-his (Figure 3,
compare right with left panel). The majority of hydrolysis products consisted of
oligosaccharides with a DP of 3−8, with (1,3)-α-glucan pentasaccharides as the
predominant reaction product. Similar as to Agn1p-his, glucose was absent from
the size-distribution profile of Agn2p-his, consistent with the absence of exo-
catalytic activity for Agn2p. Together, these data show that Agn2p is a functional
homolog of Agn1p with an endo-catalytic mode of action specific for (1,3)-α-
glucosidic linkages. 
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Figure 2. Agn2p-his is a specific (1,3)-αα-glucanase. (A) Agn2p-his specifically hydrolyzes (1,3)-α-glucan. Purified
Agn2p-his was incubated with indicated substrates at a concentration of 2 mg/ml. To reduce background signals,
substrates were reduced, except for cellulose and starch. To solubilize the (1,3)-α-glucan and (1,4)-β-glucan
substrates, they were carboxymethylated. Data are presented as a percentage of the amount of reducing ends
released from carboxymethylated and reduced (1,3)-α-glucan. (B) MutAp activity is not inhibited by exo-glucanases.
Inhibitory effect of the exo-glucanase inhibitors deoxynojirimycin (DNJ), N-methyl-1-deoxynojirimycin (NMDNJ),
castanospermine (CST) D-glucono-1,5-lactone (GLN), and conduritol-β-epoxide (CBE) on Agn2p-his activity. Note
that none of the inhibitors reduced Agn2p-his activity significantly, even at a high concentration of 250 μM.
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Given that Agn2p is synthesized in the cytoplasm, in contrast to Agn1p,
which enters the secretory pathway (Chapter 2), we compared their activities at
different pHs. Agn1p showed a pronounced pH optimum of ~3, whereas Agn2p
showed highest activity to (1,3)-α-glucan at a pH of ~6, which suggests that both
enzymes may function in vivo in environments with a different pH (Figure 4A). 

Agn2p functions during sporulation
Previously, we showed that deletion of the agn2 ORF from the genome of wild-
type cells 972 had no effect on cell shape, generation time, or cell separation of
vegetatively grown cells (Chapter 2). To study whether Agn2p functions during
the mating and sporulation process, we used a simple plate-based assay. Wild-
type, agn1Δ, or agn2Δ cells of opposite mating types were spotted onto a
sporulation plate, either alone or in combination, and cells were allowed to mate
and sporulate at 20°C for 2 days. Mating and sporulation efficiency was
monitored by exposing the plates to iodine vapor (Figure 4B). During sporulation,
(1,4)-α-glucan, either branched (glycogen and starch) or unbranched (amylose),
accumulates and is easily stainable by iodine vapor. Unlike haploid cells spotted
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Figure 3. Agn2p-his is a specific endo-(1,3)-αα-glucanase producing predominantly (1,3)-αα-glucan pentasaccharides.
HPLC analysis of reaction products released from reduced and carboxymethylated (1,3)-α-glucan after incubation
with Agn2p-his (left) or Agn1p-his (right) for 0, 90, 150, or 240 min at 37°C. Numbers refer to the degree of
polymerization. 
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alone, cells of opposite mating type spotted together showed strong iodine
staining, demonstrating efficient conjugation and subsequent sporulation (Figure
4B, compare h− 972 with h− 972 × h+ 975). Unlike agn1Δ cells, which show a reduced
iodine staining most likely caused by its clumping phenotype, iodine staining of
agn2Δ cells was comparable to that of wild-type cells, indicating that Agn2p is not
involved in conjugation and subsequent sporulation. 
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Figure 4. Agn2p is involved in the hydrolysis of the ascus wall. (A) Agn2p-his shows a pH optimum of ~6. Agn1p-
his and Agn2p-his were incubated with carboxymethylated, and then reduced (1,3)-α-glucan at different pH’s in
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monitor ascospore formation. Control indicates cells spotted alone. Note that agn2Δ cells are efficient in conjugation
and ascospore formation, indicated by a dark iodine staining. (C) Agn2p is essential for the release of ascospores
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free ascospores were determined. Note that in the absence of agn2+ expression the ascus wall fails to undergo
endolysis, whereas high expression rescues this phenotype. (D) Agn2p-his specifically hydrolyzes (1,3)-α-glucan
present in the ascus wall. Diploid cells of genotype agn2Δ (strain ND088) were sporulated for 8 days. Then, the
tetrads were incubated at 37°C for 60 min with indicated enzymes and the release of free ascospores was
determined.
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In Chapter 2, we showed that agn2Δ cells were unable to release the
ascospores from the ascus after full maturation. To study whether this phenotype
could be complemented by expression of sufficient amounts of Agn2p, we
overexpressed agn2+ by integration of the thiamine-repressible Pnmt1 promoter in
front of the agn2 ORF (Maundrell, 1990). Subsequently, we generated a stable
diploid with genotype agn2Δ/Pnmt1-agn2 and transferred the mutant to
sporulation medium along with wild-type and matching agn2Δ/agn2Δ diploids.
Upon repression of agn2Δ expression, the majority of agn2Δ/Pnmt1-agn2 diploids
developed into asci with four ascospores that remained encapsulated by the ascus
wall, like agn2Δ/agn2Δ diploids (Figure 4C, compare Pnmt1-agn2 (OFF) with
agn2Δ). By contrast, upon overexpression of agn2, the majority of agn2Δ/Pnmt1-
agn2 ascus walls lysed to release the free ascospores  to a degree comparable to
that of matching wild type (Figure 4B, compare Pnmt1-agn2 (ON) with wild type).
However, despite continuous overexpression of agn2, the ascospores remained
encapsulated by the ascus wall until they were fully matured (Figure 4C),
indicating that agn2 overexpression did not cause premature ascus-wall
hydrolysis.

To investigate the cellular function of Agn2p more directly, we induced
sporulation of agn2Δ/agn2Δ diploids by nitrogen starvation. After eight days of
incubation, we incubated the intact asci (ascospores that had remained
encapsulated by remnants of the ascus wall) with purified Agn2p-his and
determined the release of ascospores (Figure 4D). As controls, the (1,3)-α-
glucanase MutAp, (1,3)-β-glucanase zymolyase, (1,4)-α-glucanase glucoamylase,
and chitinase were used. Importantly, Agn2p-his was able to hydrolyze the
remnants of ascus wall to release free ascospores, comparable with MutAp
incubation, whereas the other enzymes released hardly any ascospores. This
demonstrates directly that Agn2p-his complements the endolysis defect of
agn2Δ/agn2Δ diploids by hydrolyzing (1,3)-α-glucan present in the ascus wall,
thereby releasing the individual ascospores. 

Discussion

Recently we identified Agn2p as a paralog of cell-separation hydrolase Agn1p,
involved in the endolysis of the diploid mother cell wall, the ascus wall (Chapter
2).  In this study we characterize the function of Agn2p. We showed that Agn2p
functions as a (1,3)-α-glucanase with an endo-catalytic mechanism of action.
Remarkably similar to Agn1p-his, Agn2p-his hydrolyzes (1,3)-α-glucan
predominantly into pentassacharides. Furthermore, we showed that ascospores
are released from agn2Δ ascus-wall remnants by incubation with Agn2p-his or
MutAp, identifying these remnants as (1,3)-α-glucan. These data demonstrate that
after full maturation of the ascospores, Agn2p is involved in the hydrolysis of
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(1,3)-α-glucan present in the ascus wall. 
(1,3)-α-Glucan is one of the major components of the ascospore wall

(Grün, 2003). However, continuous overexpression of Agn2p complemented the
agn2 deletion phenotype during sporulation but did not compromise the integrity
of ascospores (Figure 4D, data not shown). Possibly, Agn2p did not reach
concentrations high enough to weaken the ascospore wall effectively.
Alternatively, the ascospore wall itself may prevent Agn2p from compromising
integrity, as follows. Several carbohydrate synthetic enzymes have been
implicated in ascospore-wall formation (Garciá et al., 2006; Liu et al., 2000;
Arrelano et al., 2000; Martín et al., 2000). Through their concerted action, a multi-
layered structure is formed that is different from the vegetative cell wall, but
similar in composition to the S. cerevisiae ascospore wall. Ascospore-wall rigidity
in S. cerevisiae is mainly conferred by the two outer layers, which comprise
deacetylated chitin, chitosan, with a coating of dityrosine molecules
(Christodoulidou et al., 1996; Briza et al., 1990, 1994). Like in S. cerevisiae, the S.
pombe genome also encodes a chitin deacetylase, Cda1p, in addition to the chitin
synthase Chs1p, which are both expressed during sporulation and together they
are presumed to synthesize chitosan (Matsuo et al., 2005; Arellano et al., 2000).
Perhaps mainly these outer layers in the S. pombe ascospore wall may prevent
Agn2p from penetrating and compromising ascospore integrity.

Agn2p lacks a signal peptide for entry into the secretory pathway and
therefore localizes intracellularly, to the cytosol of the diploid cell (see Chapter 2).
However, we showed that Agn2p functions extracellularly, outside the plasma
membrane of the diploid cell, where it is involved in the hydrolysis of ascus-wall
(1,3)-α-glucan (Figure 4D). During sporulation, the forespore membrane is
synthesized de novo within the ascus, without the need of additional nutrients
(Shimoda et al., 2004). This requires the continuous rearrangement of organelles, 
but also the vacuolar degradation of vegetative-growth specific proteins to supply
the ascus with amino acids essential for the synthesis of new, sporulation-specific,
proteins, a process called autophagy (Noda et al., 2002; Betz and Weiser, 1976).
Indeed, at the end of sporulation in S. pombe, during ascospore-wall formation,
vacuoles become extremely enlarged (Kashiwazaki et al., 2005). Consistent with
this hypothesis, the membrane-associated proteins Spo14p and Spo20p and t-
SNARE protein Psy1p are transported away from the cell periphery during the
sporulation process (Nakamura et al., 2001; Nakase et al., 2001; Nakamura-Kubo et
al., 2003). Furthermore, the vacuolar serine protease Ips6p, which is shown to be
involved in large-scale degradation of proteins, is highly upregulated during
sporulation. The authors propose that Isp6p may contribute to the sporulation
process by providing a nitrogen source for the synthesis of new sporulation-
specific proteins (Nakashima et al., 2006). Lastly, in S. cerevisiae, expression of the
secreted cell-separation hydrolase Cts1p and GPI-anchored cell-surface enzyme
Gas1p during sporulation leads to the mislocalization of both enzymes to the
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internal membrane surrounding the four nuclei, instead of to the cell surface
(Neiman, 1998), indicating that the organelles involved in secretion may have
been disintegrated at the time of sporulation. Thus, the lack of a signal peptide
may be essential for Agn2p to correctly localize and fulfill its cellular function. We
speculate that after the completion of the ascospore walls, the ascus plasma
membrane may disintegrate, bringing Agn2p in direct contact with the (1,3)-α-
glucan layer of the ascus wall. 

Importantly, a set of two paralogs, one with and the other without a signal
peptide have been identified not only for (1,3)-α-glucanases, but also for the (1,3)-
β-glucanases Eng1p and Eng2p in S. pombe. Whereas Eng1p functions during cell
separation to hydrolyze the (1,3)-β-glucan of the primary septum, the role of
Eng2p is unknown. Like Agn2p, Eng2p lacks a signal peptide for secretion and its
expression is highly upregulated during the sporulation process (Mata et al.,
2002). Perhaps Eng2p might fulfill a similar role as Agn2p during sporulation by
hydrolyzing ascus-wall (1,3)-β-glucan. Interestingly, the genome of the medically
important ascomyceteous fungus Candida albicans, which lacks cell-wall α-glucan,
also encodes two forms of (1,3)-β-glucanases, while the ascomycete Aspergillus
fumigatus and the basidiomycete Cryptococcus neoformans encodes two forms of
(1,3)-α-glucanases, one with and the other without a signal peptide.  Although a
complete sexual cycle has been demonstrated for C. neoformans and a parasexual
cycle for C. albicans (Hull et al., 2000; Lin et al., 2005), evidence for a sexual cycle
in A. fumigatus is lacking. In addition to a mating type gene and other genes
required for mating and meiosis (Pöggeler, 2002), putative (1,3)-β-glucanases and
(1,3)-α-glucanases without a signal peptide are encoded by the A. fumigatus
genome, suggesting that this opportunistic fungus is derived from an ancestor
with a complete sexual cycle. Future studies will provide more insight into the
roles of these proteins during the fungal life cycle and their importance for
virulence.

Acknowledgments

The authors wish to thank  J.M.M. Ghauharali, A.P. Bussink, and M.T.J. Helmond
for technical assistance, and members of our medical-yeast group for helpful
discussions. This work was supported by the Netherlands Organization for
Scientific Research (NWO-CW 99006).

100

Proefschrift N.Dekker_U.qxp  30-10-2006  15:40  Page 100



Chapter Four

Mechanism of Action of the endo-(1,3)-α-Glucanase
MutAp from the Mycoparasitic Fungus Trichoderma

harzianum

Christian H. Grün1, Nick Dekker2, Alexander A. Nieuwland1, Frans M. Klis3,
Johannis P. Kamerling1, Johannes F.G. Vliegenthart1, and Frans Hochstenbach2

1Bijvoet Center, Department of Bio-Organic Chemistry, Section of Glycoscience 
and Biocatalysis, Utrecht University, Padualaan 8, 3584 CH  Utrecht, 

The Netherlands; 
2Department of Medical Biochemistry, Academic Medical Center, University of 

Amsterdam, Meibergdreef 15, 1105 AZ  Amsterdam; 
3Swammerdam Institute for Life Sciences, University of Amsterdam, Nieuwe 

Achtergracht 166, 1018 WV  Amsterdam, The Netherlands

Proefschrift N.Dekker_U.qxp  30-10-2006  15:40  Page 101



Abstract

(1,3)-α-Glucanases catalyze the hydrolysis of fungal cell-wall (1,3)-α-glucan, and
function during cell division of yeasts containing this cell-wall component or act
in mycoparasitic processes. Here, we characterize the mechanism of action of the
(1,3)-α-glucanase MutAp from the mycoparasitic fungus Trichoderma harzianum.
We observed that MutAp releases predominantly β-glucose upon hydrolysis of
crystalline (1,3)-α-glucan, indicating inversion of the anomeric configuration.
After having identified (1,3)-α-glucan tetrasaccharide as the minimal substrate for
MutAp, we showed that reduced (1,3)-α-glucan pentasaccharide is cleaved into a
trisaccharide and a reduced disaccharide, demonstrating that MutAp displays
endo-hydrolytic activity. We propose a model for the catalytic mechanism of
MutAp, whereby the enzyme breaks an intrachain glycosidic linkage of (1,3)-α-
glucan, and then continues its hydrolysis towards the non-reducing end by
releasing β-glucose residues in a processive manner.
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Introduction

(1,3)-α-Glucanases are glycoside hydrolases that catalyze the degradation of (1,3)-
α-glucan, a water-insoluble polysaccharide in the cell wall of many fungi. Both
bacteria (Matsuda et al., 1997; Simonsen et al., 1982; Ebisu et al., 1975; Fleet et al.,
1973; Bacon et al., 1968) and fungi (Sanz et al., 2004; Fuglsang et al., 2000; San-Blas
et al., 1998; Reyes et al., 1980; Walker et al., 1979; Meyer et al., 1977; Guggenheim et
al., 1972; Hasegawa et al., 1969; Hasegawa et al., 1966) are known to produce (1,3)-
α-glucanases, but their respective glucanases are quite distinct in amino-acid
sequence. Based on amino-acid sequence similarities, the fungal (1,3)-α-
glucanases have been assigned a separate family of glycoside hydrolases, GH-71.
Its founding member is the (1,3)-α-glucanase MutAp from the fungus T.
harzianum. This mycoparasite has gained special interest because of its use in the
biocontrol of fungal plant pathogens (Harman et al., 2004; Viterbo et al., 2002) and
its secretion of a wide range of carbohydrate-active hydrolases, such as (1,3)-β-
glucanases, (1,6)-β-glucanases, chitinases, and cellulases, as well as MutAp (Sanz
et al., 2005).

MutAp was first described by Guggenheim and Haller (Guggenheim et
al., 1972) as an enzyme able to hydrolyze mutan, a mainly (1,3)-α-glucan-
containing extracellular polysaccharide produced by tooth-colonizing
streptococci. Later, Fuglsang and colleagues (Fuglsang et al., 2000) indicated that
the carboxyl-terminal domain of MutAp forms a polysaccharide-binding domain,
whereas the amino-terminal domain represents the actual catalytic domain. Ait-
Lahsen and colleagues (Ait-Lahsen et al., 2001) characterized the hydrolytic
activity of MutAp (denoted AGN13.1 in their report) and showed that its major
hydrolysis product after incubation with crystalline (1,3)-α-glucan is glucose.
Furthermore, they reported that MutAp was unable to hydrolyze periodate-
oxidized (1,3)-α-glucan, leading them to propose that this enzyme possesses an
exo-hydrolytic activity (Ait-Lahsen et al., 2000). Recently, we characterized another
member of the GH-71 family, the (1,3)-α-glucanase Agn1p from the fission yeast
Schizosaccharomyces pombe (Dekker et al., 2004). Agn1p shares strong amino-acid
sequence similarities with the catalytic domain of MutAp but lacks a separate
polysaccharide-binding domain. Furthermore, it hydrolyzes (1,3)-α-glucan
predominantly into pentasaccharides, rather than glucose residues (Dekker et al.,
2004). Based on these data, we concluded that Agn1p has endo-hydrolytic, rather
than exo-hydrolytic, activity.

Here, we perform an in-depth analysis into the mechanism of action of
MutAp and address the apparently-contradictory results regarding the hydrolytic
activities of MutAp and Agn1p. By using crystalline (1,3)-α-glucan as well as
defined (1,3)-α-glucan oligosaccharides as substrates, we show that MutAp
exhibits an endo-hydrolytic activity. Furthermore, we demonstrate that, after the
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initial intrachain attack, hydrolysis proceeds in a repetitive manner towards the
non-reducing end, releasing β-glucose residues as the major digestion product. To
our knowledge, this is the first time a processive mechanism has been ascribed to
a GH-71 enzyme.

Materials and Methods

MutAp isolation and α-glucan preparations
MutAp was purified as described previously (Dekker et al., 2004) and its identity
was reconfirmed by mass spectrometric analysis (Dekker et al., 2004), which
detected a total of eleven tryptic peptides that matched the MutAp amino acid
sequence (Fuglsang et al., 2000), providing a coverage of 18%. His-tagged Agn1p
and α-glucan were isolated as described (Dekker et al., 2004). To obtain water-
soluble substrate, crystalline α-glucan was partly O-(carboxy)methylated as
described by Kiho et al. (Kiho et al., 1989), ensuring that the α-glucan was
solubilized without affecting enzyme activity. Carboxymethyl groups were
hardly observed by nuclear magnetic resonance (NMR) spectroscopy. To lower
background signals in the colorimetric enzyme assays (see below), the reducing
ends of carboxymethylated α-glucan were reduced with excess sodium
borohydride.

To ensure a complete removal of (1,4)-linked residues and a complete
oxidation of the terminal residues, crystalline α-glucan preparations were
incubated with sodium periodate at 4°C in the dark over a period of two weeks.
Linkage analysis of the reaction product using gas-chromatography electron-
impact mass spectrometry showed complete removal of 4-substituted glucose
residues, indicating complete oxidation (data not shown). Borohydride reduction
and mild acid hydrolysis (Smith degradation) were performed as described by
Grün and colleagues (Grün et al., 2005).

Enzyme assays
Activity of Agn1p-his (at a final concentration of 0.9 μg/ml) or MutAp (0.4 μg/ml)
on crystalline (1,3)-α-glucan (4 mg/ml) was measured in 50 mM sodium acetate,
pH 5.6, at 37°C for 30 min. Subsequently, remaining insoluble (1,3)-α-glucan was
removed by three subsequent centrifugation steps, each for 3 min at 10,000 × g,
and hydrolysis products were analyzed using colorimetric assays with p-
hydroxybenzoic acid hydrazide (PAHBAH) (Lever, 1972) or glucose oxidase
(GOD) (Okuda et al., 1977). The same assay was used to monitor the ability of
MutAp (0.4 μg/ml) to hydrolyze crystalline (1,3)-α-glucan that was oxidized,
oxidized and then reduced, or Smith-degraded (1,3)-α-glucan (4 mg/ml each).

Enzyme assays for high-performance anion-exchange chromatography
(HPAEC) analyses were performed in 5 mM sodium azide, 50 mM sodium
acetate, pH 5.5, at 37°C. Samples were desalted using Carbograph SPE solid phase
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extraction columns (Alltech) according to Packer et al. (Packer et al., 1998).
To test the effects of inhibitors, 5 mM 1-deoxynojirimycin (Fluka 31128), N-
methyl-1-deoxynojirimycin (Fluka 66570), castanospermine (Sigma C-3784),
freshly prepared D-glucono-1,5-lactone (Sigma G-9766), conduritol-β-epoxide
(Biomol Research Laboratories, Philadelphia, PA), N-(5-adamantane-1-yl-
methoxy)pentyl-deoxynojirimycin (Overkleeft et al., 1998), or buffer was
preincubated on ice for 15 min with MutAp (0.2 μg/ml), glucoamylase (0.5 μg/ml)
(Roche 1202332), or glucocerebrosidase (0.2 μg/ml) (Genzyme, Cambridge, MA).
Remaining MutAp activity was measured by incubation with carboxymethylated,
then reduced, (1,3)-α-glucan (1 mg/ml) in 50 mM sodium acetate, pH 5.6, at 37°C
for 15 min (final inhibitor concentration of 250 μM). Remaining glucoamylase
activity was measured in 50 mM sodium acetate, pH 5.6, containing 5 mg/ml of
starch treated according to Zulkowsky (Fluka 85642), at 37°C for 15 min (final
inhibitor concentration of 250 μM). Hydrolysis products were analyzed using the
PAHBAH colorimetric assay (Lever, 1972) Remaining glucocerebrosidase activity
was measured with 3.7 mM 4-methylumbelliferyl-β-glucopyranoside in 0.25%
(w/v) sodium taurocholate, 0.1 M citrate, 0.2 M phosphate buffer, pH 5.2, at 37°C
for 10 min (final inhibitor concentration of 500 μM). The reaction was stopped by
the addition of 0.3 M glycine-NaOH, pH 10.6, and the amount of liberated 4-
methylumbelliferone was determined with a LS2 fluorometer (Perkin-Elmer
Corp.) at 445-nm wavelength. All enzyme reactions occurred in a linear manner
with the amounts of enzyme used and during the indicated time of incubation
(data not shown).

1H-NMR spectroscopy
Carboxymethylated α-glucan (0.4 mg/ml) was taken up in 10% deuterium oxide,
5 mM sodium azide, 50 mM sodium acetate, pH 5.5, and incubated at 37°C for 10
min with MutAp (0.4 μg/ml), as indicated. Mutarotation was accelerated by
adding 2.4 M ammonium hydroxide. Spectra were recorded at 500.13 MHz on a
DRX500 instrument (Bruker Biospin, Karlsruhe, Germany) at 10°C. Under these
conditions, the proton signal corresponding to water is situated exactly between
the two anomeric signals of glucose, and, therefore, suppression of the water
signal will not disturb signals corresponding to glucose. Chemical shifts were
referred to internal acetone (1H: 2.225 ppm).

Preparation of defined (1,3)-α-glucan oligosaccharide substrates
One hundred mg of (1,3)-α-glucan from fruit bodies of Laetiporus sulphureus were
resuspended in 98% (v/v) formic acid and heated at 100°C for 10 min. After
evaporation of the acid under a stream of nitrogen, hydrolysis was continued by
addition of 0.5 M trifluoroacetic acid and heating at 100°C for 12 min, after which
the clear solution was lyophilized.

Products obtained after acid hydrolysis were separated on a Bio-Gel P4
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column (1.6 × 96 cm, BioRad, Hercules, CA). The column was thermostated at
58°C. Oligosaccharides were eluted with 5 mM ammonium bicarbonate at a flow-
rate of approximately 5 ml/h and the eluent was monitored using a Bischoff
Differential Refractometer (Bischoff Chromatography, Leonberg, Germany).
Oligosaccharides were further purified to homogeneity by HPAEC. Fractions
were desalted using Carbograph SPE solid phase extraction columns (Alltech
Associates, Deerfield, IL) according to Packer et al. (Packer et al., 1998).

Labeling of reducing ends
Oligosaccharide samples were dissolved in 0.5 M ammonium hydroxide and
reduced by adding excess sodium borohydride at 20°C for 4 h. The excess of
borohydride was removed by adding 10% (v/v) acetic acid. Boric acid was
removed by co-evaporation from methanol under reduced pressure.

High-performance anion-exchange chromatography
The HPAEC system consisted of a Dionex DX 500 apparatus equipped with a GP
40 gradient pump and an ED 40 electrochemical detector (Dionex Corporation,
Sunnyvale, CA). A CarboPac PA1 column (9 × 250 mm, Dionex Corporation) at a
flow rate of 4.0 ml/min was used for semi-preparative purification of (1,3)-α-
glucan oligosaccharides obtained after partial acid hydrolysis of (1,3)-α-glucan
and BioGel P4 separation. For analysis of enzymatic hydrolysis products, 30-min
linear gradients were applied from 0 to 500 mM sodium acetate in 100 mM sodium
hydroxide using an analytical CarboPac PA1 column with dimensions 4.6 × 250
mm at a flow rate of 1.0 ml/min. Unseparated (1,3)-α-glucan oligosaccharides in
their native or reduced forms were used as a ladder to calibrate the analytical
column.

Results and Discussion
MutAp hydrolyzes crystalline (1,3)-α-glucan with glucose as main product
To compare the hydrolysis products of MutAp with those of His-tagged Agn1p,
we incubated crystalline (1,3)-α-glucan with purified MutAp or Agn1p-his and
analyzed the reaction products by using two different colorimetric assays. The
assay with p-hydroxybenzoic acid hydrazide (PAHBAH) was used to quantify the
amount of soluble reducing ends, whereas that with glucose oxidase (GOD)
quantify the amount of free glucose. For MutAp, both the PAHBAH and GOD
assays gave similar values, indicating that most reducing ends (i.e., more than
80%) are produced in the form of glucose. By contrast, hardly any glucose was
released after incubation with Agn1p-his (Figure 1). These data are in complete
agreement with previous data on the actions of MutAp and Agn1p-his (Ait-
Lahsen et al., 2001; Dekker et al., 2004) and demonstrate that, although both
enzymes are members of family GH-71, their hydrolysis products are remarkably
distinct. 
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MutAp hydrolyzes (1,3)-α-glycosidic linkages with inversion of anomeric
configuration
Enzymatic hydrolysis of carbohydrates involves a nucleophilic substitution
reaction at the anomeric carbon and leads to either inversion or retention of the
anomeric configuration of the hydrolysis product (Sinnot, 1990). To determine the
anomeric configuration of the hydrolysis product of MutAp (i.e., glucose), we
incubated carboxymethylated (1,3)-α-glucan with MutAp and analyzed the
product by 1H-NMR spectroscopy. As a reference, the 1H-NMR spectrum of an
equilibrium mixture of α-glucopyranose (α-Glcp) and β-Glcp was included to
assign the signals specific for the anomeric configuration of free glucose (Figure
2A). The 1H-NMR spectrum of untreated carboxymethylated (1,3)-α-glucan
showed only signals corresponding to (1,3)-linked α-Glcp residues and signals
corresponding to free glucose were absent (Figure 2B). This spectrum was
essentially identical to that taken immediately after addition of MutAp (data not
shown). However, after a 10-min digestion with MutAp at 37°C, signals
corresponding to β-Glcp (denoted H-1β) became apparent, whereas α-Glcp
signals remained absent (Figure 2C). As an internal control, we created an
equilibrium of α-Glcp and β-Glcp by accelerating mutarotation through addition
of ammonium hydroxide and observed the appearance of signals corresponding
to α-Glcp (H-1α) and a decrease in the β-Glcp signal (Figure 2D). These results
show that MutAp liberates β-Glcp during hydrolysis of (1,3)-α-glucan,
demonstrating that MutAp acts by inversion of the anomeric configuration.

A tetrasaccharide is the minimal substrate for MutAp
To identify its minimal substrate, MutAp was incubated crystalline (1,3)-α-glucan.
At selected time intervals, samples were taken and analyzed by high-performance
anion-exchange chromatography (HPAEC). At t = 0, virtually no background
peaks were visible, indicating that by our method only hydrolysis products are
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Figure 1. MutAp hydrolyzes crystalline (1,3)-α-glucan into glucose residues. Crystalline (1,3)-α−glucan was
incubated with purified MutAp (Upper) or Agn1p-his (Lower), and release of reducing ends was measured by using
the PAHBAH assay (closed circles) whereas free glucose residues were measured by using the GOD assay (open
circles).
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analyzed (data not shown). The HPAEC profile of the sample taken after a 1-h
incubation showed two peaks, corresponding to G1  and G3 in the molar ratio of
7.5:1 (Figure 3A, upper panel). Increasing the incubation period to 16 h led to an
increase of these products but not in a major change in their molar ratio (Figure
3A, lower panel). In addition, we now observed a small peak corresponding to G2,
whereas peaks corresponding to G4 or higher oligosaccharides remained almost
absent. Together, these data indicate that G3 is a poor substrate for MutAp,
whereas G4 is its minimal substrate. 

To confirm these findings more directly, we tested the ability of MutAp to
use purified (1,3)-α-glucan oligosaccharides as a substrate. Purified disaccharide
G2 was not hydrolyzed at all by MutAp (data not shown), while purified G3 was
hydrolyzed only poorly to G2 and G1 (Figure 3B). By contrast, purified G4 was
hydrolyzed partially to G3 and G1 after a 1-h incubation, while after 16 h G4 was
cleaved completely into the major products G3 and G1, together with only a small
amount of G2 (Figure 3C). Finally, purified G5 was hydrolyzed efficiently after a
1-h incubation to the main hydrolysis products G3 and G1, while also a small
amount of the intermediate product G4 was formed, as well as some G2 (Figure
3D, upper panel). After extending the incubation period to 16 h, G5 and G4 were
completely digested (Figure 3D, lower panel), resulting in a hydrolysis profile that
is similar to that of purified G4 (Figure 3C and D, compare lower panels). From
these data, we conclude that MutAp uses G4 efficiently as a minimal substrate.
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Figure 2. MutAp cleaves glycosidic linkages with inversion of anomeric configuration. (A) The 1H-NMR
spectrum of glucose shows α-anomeric and β-anomeric signals in the ratio of 2:3. (B) Untreated carboxymethylated
(1,3)-α-glucan from Laetiporus sulphureus. (C) Reaction mixture after a 10-min incubation of carboxymethylated
(1,3)-α-glucan with MutAp. (D) Same as in C after addition of ammonium hydroxide to accelerate mutarotation. *
marks the anomeric signal of the (1,3)-α-glucan and H2O marks the water signal.
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MutAp shows endo-hydrolytic activity
To determine whether MutAp starts hydrolysis of its substrate (1,3)-α-glucan
from the non-reducing end (exo-hydrolytic activity) or at an intrachain glycosidic
linkage (endo-hydrolytic activity), we explored three different approaches.

First, we tested MutAp activity in the presence of the exo-glycosidase
inhibitors deoxynojirimycin, N-methyl-deoxynojirimycin, castanospermine, D-
glucono-1,5-lactone, conduritol-β-epoxide, or N-(5-adamantane-1-yl-
methoxy)pentyl-deoxynojirimycin (Overkleeft et al., 1998). None of these
inhibitors affected the activity of MutAp (Figure 4A), whereas the activities of the
exo-type control glycosidases glucoamylase (Figure 4B) and glucocerebrosidase
(Figure 4C) strongly decreased under similar reaction conditions. These results are
consistent with our earlier finding that these types of inhibitors do not affect the
activity of the endo-(1,3)-α-glucanase Agn1p-his (Dekker et al., 2004), suggesting
that MutAp also lacks exo-hydrolytic activity.

Second, we studied the ability of MutAp to hydrolyze (1,3)-α-glucan,
whose non-reducing and reducing ends had been modified to contain aldehyde or
hydroxyl groups, by using peroxidate oxidation or peroxidate oxidation followed 
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by borohydride reduction, respectively. These treatments should render the 
(1,3)-α-glucan inaccessible to exo-type glycosidases, whereas endo-type
glycosidases should remain active because their internal site of initial attack is
located away from the modified ends (Hasegawa and Nordin, 1969; Walker and
Hare, 1977). Periodate oxidation alone reduced MutAp activity to ~40% of control
values (Figure 5A, compare lanes 1 and 4). Rather than the partial inhibition
observed here, a previous report described a complete inhibition of MutAp
activity following periodate oxidation of (1,3)-α-glucan, leading the authors to
propose an exo-hydrolytic activity (Ait-Lahsen et al., 2001). An alternative
explanation of the observed decrease in MutAp activity is a potential inactivation
and immobilization of MutAp caused by a reaction of the introduced aldehydes
with MutAp through primary amines in its amino terminus or 19 lysine residues,
forming Schiff bases (Peng et al., 1986). Formation of undesirable Schiff bases can
be prevented by carrying out a borohydride reduction on periodate-treated (1,3)-
α-glucan, converting the aldehyde groups to hydroxyl groups but leaving the
ends modified and therefore inaccessible to exo-type glycanases. This sequential
treatment of (1,3)-α-glucan with periodate and borohydride did not inhibit
enzyme activity at all (Fig. 5A, lane 2), suggesting that MutAp has endo-
hydrolytic activity. 

Third, to analyze the hydrolysis activity of MutAp directly, we labeled
purified (1,3)-α-glucan pentasaccharide at its reducing end by means of reduction,
incubated the labeled substrate with MutAp, and analyzed the hydrolysis
products. HPAEC analysis showed that G5-ol (in effect a tetrasaccharide due to
the ring opening of the reducing residue) eluted as a single peak (data not shown).
After a 1-h incubation, hydrolysis products corresponding to G2-ol and G3 were
formed (Figure 5B, upper panel), whereas after 16 h G5-ol was digested
completely into G3 and G2-ol, together with some G1 and G2 (Figure 5B, lower
panel). As a control, also G4-ol was purified and incubated with MutAp, and, as
expected from our above findings (Figure 3C), it hydrolyzed slowly and proved a
poor substrate for MutAp (data not shown). Together, our results show that G5-ol
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Figure 4. MutAp activity is not inhibited by exo-glycosidase inhibitors. Effects of the exo-glycosidase inhibitors
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is hydrolyzed primarily into G3 and G2-ol, demonstrating that MutAp hydrolyzes
intrachain glycosidic linkages. Fully consistent with this finding is the absence of
G4-ol from the G5-ol hydrolysis products, clearly demonstrating a lack of exo-
hydrolytic activity. In summary, we conclude that MutAp can be characterized as
an endo-hydrolytic enzyme.

Model for the catalytic mechanism of MutAp
Despite its endo-hydrolytic mechanism of action, MutAp produces mainly glucose
moieties rather than a series of oligosaccharides of different length. This finding
suggests that MutAp possesses processivity, the process by which an enzyme
remains attached to its substrate after the initial attack and transferring it along its
active site (sliding) for multiple rounds of hydrolysis (Von Hippel et al., 1994;
Breyer et al., 2001). Processivity is common among β-amylases, exo-glycosidases
which bind (1,4)-α-glucan and liberate multiple β-maltose units (Nakatani et al.,).
Also a number of endo-glycosidases, such as α-amylases (Robyt and French, 1970;
Allen and Thoma, 1978; French, 1981; Nakatani 1996) and some endo-
polygalacturonases from Aspergillus niger (Pagès et al., 1996; Benen et al., 1999;
Parenicová et al., 2000; Parenicová et al., 2000), display processivity following the
initial random intrachain attack. Regarding the processive mechanism of MutAp,
we propose a model in which the enzyme first binds to its substrate (Figure 6, step
1) and hydrolyzes an intrachain glycosidic linkage.  Subsequently, only the part
with the original reducing end dissociates and is released into the medium,
whereas the other part remains bound to the substrate binding site (Figure 6, step
2). The residual substrate then slides through the catalytic site for repetitive attack
(Figure 6, step 3), releasing a single glucose moiety in each round of hydrolysis.
Using NMR spectroscopy, we showed that the glucose moieties produced have β-
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Figure 5. MutAp possesses endo-hydrolytic activity. (A) MutAp enzyme activity is not affected by modification of
its ends. Activity levels are the mean ± SD of percentages relative to the hydrolysis of untreated (1,3)-α-glucan in
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anomeric configuration, indicating an inversion of configuration (Figure 2). In our
model, hydrolysis will continue until the substrate is shortened to a trisaccharide
(Figure 6, step 4), which will be released (Fig 6, step 5). This model is in complete
agreement with our results on the digestion pattern of defined (1,3)-α-glucan
oligosaccharide substrates (Figure 3). They showed that in G4 the glycosidic
linkage next to the reducing residue is hydrolyzed by MutAp. The same holds for
G5 as a substrate, since the amount of G2 formed after a short period of incubation
is very small compared to glucose (G1) formation. Also G4 is not released into the
medium in large quantities, indicating that the tetrasaccharide is still bound to the
enzyme and is hydrolyzed into G1 and G3.

Although MutAp and Agn1p are both endo-(1,3)-α-glucanases, their
physiological roles are quite distinct. MutAp is secreted by a mycoparasitic
fungus and its processive mechanism may find its physiological significance in an
effective digestion of fungal cell-wall (1,3)-α-glucan material, releasing glucose
moieties, which may be used as a carbon and energy source.  By contrast, Agn1p
is secreted during a specific stage in the cell-division cycle of a unicellular fungus
(a yeast) to hydrolyze a specific region of the mother cell wall overlaying the
division septum, called the septum edging, and facilitate the physical separation
of daughter cells (Dekker et al., 2004). Agn1p lacks processivity and produces
oligosaccharides with a pentasaccharide as the main hydrolysis product. This
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Figure 6. Proposed catalytic mechanism of the endo-(1,3)-αα-glucanase MutAp from T. harzianum. (1) MutAp binds
to the substrate, hydrolyzes a random internal glycosidic linkage, and (2) releases part of the substrate. (3) The other
part slides across the catalytic center of the enzyme, releasing a β-glucose moiety in every round of hydrolysis. This
process continues until (4) only a trisaccharide remains, which (5) is released from the enzyme.
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mechanism is consistent with its physiological role of localized cleavage of cell-
wall (1,3)-α-glucan rather than complete hydrolysis of this structural
polysaccharide, which might compromise the structural integrity of the dividing
cell. Interestingly, Agn1p lacks a polysaccharide-binding domain, whereas
MutAp contains such a domain at its carboxyl terminus. We hypothesize that the
polysaccharide-binding domain in MutAp may be involved in processivity, either
by partially disrupting the crystalline structure of (1,3)-α-glucan and making it
more accessible to hydrolysis, or by assisting in retention of (1,3)-α-glucan after
each round of hydrolysis.
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Transcription Regulation of the α-Glucanase Gene agn1+

by Cell Separation Transcription Factor Ace2p 
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Abstract

During the final stage of the cell division cycle in the fission yeast
Schizosaccharomyces pombe, transcription factor Ace2p activates expression of genes
involved in the separation of newly formed daughter cells, such as agn1+, which
encodes the α-glucanase Agn1p. The agn1 promoter contains three copies of the
nucleotide sequence motif CCAGCC, whose presence seems to correlate with
Ace2p-mediated transcription activation. Here, we describe a simple plate-based
assay utilizing as a reporter the secreted glucoamylase of Arxula adeninivorans to
investigate the function of this motif. We show that not all three repeats, but only
the two most proximal to the transcription start point, act as an upstream
activating sequence (UAS). Finally, we demonstrate that this UAS is essential for
agn1 promoter activity in vivo.
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Introduction

Cell separation in yeasts and abscission in animal cells are tightly controlled
events at the end of the cell division cycle (Gromley et al., 2005). The fission yeast
Schizosaccharomyces pombe is an attractive model organism to study the final stage
of the cell cycle, because this genetically tractable eukaryote divides by medial
fission, its complete genome sequence is known (Wood et al., 2002), and a wide
collection of different cell-separation mutants is available. In S. pombe, cell
separation begins after successful division of the nucleus (mitosis) and the
cytoplasm (cytokinesis), when a cell division septum has been deposited as a rigid
disc-like structure in the middle of the dividing cell (Le Goff et al., 1999). The
septum is a three-layered structure with a primary septum in the middle flanked
by secondary septa, located outside the plasma membranes of both daughter cells
but within the cell wall of the dividing cell (Johnson et al., 1973). During cell
separation, the primary septum together with the cylinder of old cell-wall material
surrounding the primary septum, called the septum edging, is partially
hydrolyzed by dedicated hydrolases (Martín-Cuadrado et al., 2003; Dekker et al.,
2004). As a result of their enzyme activities, the secondary septa can now function
as new cell-wall tips, releasing the daughter cells as free and independent entities.

Cell separation in yeasts requires timely expression, targeted secretion,
and localized activity of the cell-separation hydrolases. Given that the
polysaccharide compositions of the primary septum and septum edging differ
among different yeast species, distinct types of cell-separation hydrolases may be
expressed. Specifically, in S. pombe endo-(1,3)-β-glucanase Eng1p hydrolyzes the
(1,3)-β-glucan-rich primary septum while endo-(1,3)-α-glucanase Agn1p is
involved in septum-edging hydrolysis (Martín-Cuadrado et al., 2003; Dekker et al.,
2004), whereas in the budding yeast Saccharomyces cerevisiae endo-chitinase
ScCts1p hydrolyzes the chitin-rich primary septum while the S. cerevisiae ortholog
of Eng1p, ScEng1p, is involved in septum-edging hydrolysis (Baladrón et al., 2002;
Kuranda and Robbins 1991). Dividing cells of yeast mutants lacking cell-
separation hydrolases cannot separate efficiently and remain connected, forming
large clumps of individual cells.

Recent genome-wide surveys using DNA microarrays have revealed four
subsequent waves of genes expressed periodically during the S. pombe cell cycle
(Rustici et al., 2004; Peng et al., 2005; Olivia et al., 2005; Alonso-Nuñez et al., 2005).
Among these waves is a transcription cascade of two transcription factors
involved in triggering cell separation. Forkhead transcription factor Sep1p
activates at least 15 genes whose transcription peaks during mitosis. Interestingly,
these target genes include the gene encoding C2H2 zinc-finger transcription factor
Ace2p, which, in turn, activates transcription of approximately 25 other target
genes whose transcription peaks during cell separation (Rustici et al., 2004). These
target genes include genes with unknown function, such as adg1+, adg2+, adg3+,
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cfh4+, and SPCC306.11, and, importantly, the genes encoding cell-separation
hydrolases Agn1p and Eng1p (Alonso-Nuñez et al., 2005; Dekker et al., 2004;
Martín-Cuadrado et al., 2003). Consistent with the function of Ace2p in cell-
separation regulation (and, indirectly, with that of Sep1p), mutant cells lacking
ace2+ (or sep1+, or both) fail to express Agn1p and to a lesser extent Eng1p, causing
them to display a gross defect in cell separation with long trains of connected cells
that form large clumps (Dekker et al., 2004).

To explore the complex transcription network that operates during the
cell cycle, efforts have started to assign the cell cycle-regulated genes to specific
transcription factors. For this purpose, searches have been performed for potential
regulatory motifs in the promoter regions of so-called "high amplitude" target
genes (Rustici et al., 2004; Oliva et al., 2005). As a result, transcription activation by
Ace2p was correlated with the presence of the nucleotide sequence motif 5'-
CCAGCC in the promoter regions of its target genes. One of these genes is agn1+,
whose promoter contains three copies of this motif. Here, we study the function
of the CCAGCC motif in the agn1 promoter and investigate whether the three
repeats display equivalent activities. To this end, we developed a simple plate-
based assay to measure promoter activities semi-quantitatively in S. pombe. We
demonstrate that the CCAGCC motif in the agn1 promoter acts as an upstream
activating sequence (UAS) that is dependent on Ace2p. Furthermore, we show
that, although three repeats are present in the agn1 promoter, they do not
contribute equally to transcription activation. Finally, we show that this motif is
essential for the observed agn1 promoter activity in vivo.

Materials and Methods

Strains and Culture Media
E. coli strain DH5α (GibcoBRL) was used for all plasmid isolations. The ura4-D18
allele was introduced in the published ace2Δ and sep1Δ strains (Dekker et al., 2004)
by mating and subsequent tetrad dissection. S. pombe plasmid transformations
were performed using a lithium acetate method (Akada et al., 2000). Cells were
grown in EMM2 culture medium (Moreno et al., 1991) supplemented with 250
mg/l of adenine sulfate (EMMA). SEMMA was EMMA with addition of 1.5%
(w/v) of soluble starch (Fluka; 85642).

Primer extension
Total RNA was isolated from exponentially growing 972 cells (Koerkamp et al.,
2002) and 25 μg RNA was incubated with 2 pmol of 32P-labeled
oligodeoxyribonucleotide primer AdH084 at 65°C for 60 min before cooling to
42°C at a rate of 0.02°C per sec. Extension reactions were performed in AMV-RT
buffer (Promega) containing 10 mM of Tris-HCl and 150 μM of each dNTP, by an
incubation at 42°C for 45 min in the presence or absence of 10 U of AMV reverse
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transcriptase. RNA was then hydrolyzed by a 30-min incubation with RNase A at
37°C. Finally, the reaction products were precipitated with 0.3 M sodium acetate
buffer, pH 4.6, in 70% (v/v) of ethanol and subjected to electrophoresis on an 8%
(w/v) polyacrylamide gel containing 8 M urea. Gels were analyzed by
autoradiography.

Table I. S. pombe strains used in this study
Strain* Genotype Plasmid description

ND001 h− agn1Δ::kanMX4 −
ND030 h− agn1Δ::kanMX4 ura4-D18 −
ND270 h− ura4-D18 [pND042] [pPnmt1-1-GAA]
ND274 h− ura4-D18 [pND054] [pPnmt1-1-SPagn1-GAAmat]
ND276 h− ura4-D18 [pAdH057] [pPnmt1-2-GAA]
ND277 h− ura4-D18 [pAdH058] [pPnmt1-241-GAA]
ND278 h− ura4-D18 [pAdH059] [pPnmt1-281-GAA]
ND280 h− ura4-D18 [pAdH072] [pPagn1-567-GAA]
ND281 h− ura4-D18 [pAdH073] [pPagn1-389-GAA]
ND282 h− ura4-D18 [pAdH074] [pPagn1-277-GAA]
ND283 h− ura4-D18 [pAdH075] [pPagn1-249-GAA]
ND350 h− ura4-D18 [pND065] [pPagn1-389-3Δ-GAA]
ND351 h− ura4-D18 [pND066] [pPagn1-389-2Δ-GAA]
ND352 h− ura4-D18 [pND067] [pPagn1-389-1Δ-GAA]
ND353 h− ura4-D18 [pND068] [pPagn1-389-2Δ3Δ-GAA]
ND354 h− ura4-D18 [pND069] [pPagn1-389-1Δ3Δ-GAA]
ND355 h− ura4-D18 [pND070] [pPagn1-389-1Δ2Δ-GAA]
ND356 h− ura4-D18 [pND071] [pPagn1-389-1Δ2Δ3Δ-GAA]
ND357 h− ura4-D18 [pAdH056] [pP−-GAA]
ND359 h− ura4-D18 [pAdH070] [pPadh1-GAA]
ND361 h− agn1Δ::kanMX4 ura4-D18 [pND082] [pPagn1-389-1Δ2Δ3Δ-agn1]
ND362 h− agn1Δ::kanMX4 ura4-D18 [pND085] [pP−-agn1]
ND397 h− ace2Δ::kanMX4 ura4-D18 [pAdH073] [pPagn1-389-GAA]
ND398 h− ace2Δ::kanMX4 ura4-D18 [pND042] [pPnmt1-1-GAA]
ND403 h− sep1Δ::kanMX4 ura4-D18 [pAdH073] [pPagn1-389-GAA]
ND404 h− sep1Δ::kanMX4 ura4-D18 [pND042] [pPnmt1-1-GAA]
ND412 h− agn1Δ::kanMX4 ura4-D18 [pND073] [pPagn1-389-agn1]
ND413 h− ura4-D18 [pND092] [pPnmt1-1-GAAmat]

*All strains were constructed for this study, except strains ND001 and ND030 (Dekker et al., 2004)

Construction of plasmids
All PCR amplification reactions were performed using pfu (Stratagene) or
PhusionTM (Finnzymes) polymerase on genomic DNA isolated from wild-type
strain 972, unless indicated otherwise. Primers used in this study are listed in
Supplementary Table I. For convenience of cloning, the multiple cloning site of the
S. pombe expression plasmid pREP4 (Maundrell et al., 1993) was altered as follows.
First, primers AdH046 and AdH047 were hybridized and cloned between the
MluNI and BamHI restriction enzyme sites of pREP4, generating pAdH005. Then,
primers AdH048 and AdH049 were hybridized and cloned between the BamHI
and SmaI sites of pAdH005, producing pAdH006. For expression of the Arxula
adeninivorans glucoamylase in S. pombe, its ORF was amplified in a PCR using
primers ND309 and ND310 from plasmid pBscG-GAA-C21 kindly provided by G.
Kunze (Bui et al., 1996) and cloned between the XhoI and BglII sites of pAdH006,
generating pND042. To create a promoterless control plasmid, the nmt1-1
promoter of pND042 was replaced by the hybridization product of primers
AdH070 and AdH071 using the SphI and XhoI sites, producing pAdH056. 
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Supplementary Table I. Primers used in this study

Primer Sequence Comments

ND179 5'-TCGAGTTAACTATGGTCCTTGTGCTATTTCTGGTTCTTCTTTTTTCAGCGTTAA To generate [pSPagn1- GAAmat]; FW
TTAATTACGTCG-3'

ND180 5'-CTAGCGACGTAATTAATTAACGCTGAAAAAAGAAGAACCAGAAATAGCAC
AAGGACCATAGTTAAC-3' To generate [pSPagn1- GAAmat]; REV

ND309 5'-AGAGCTCGAGTTAACTATGCGTCAGTTTCTAGCACTTGCTG-3' To amplify GAA; FW
ND310 5'-AGAGAGATCTCTATAGGTCAGCAACATTGGTGAG-3' To amplify GAA; REV
ND312 5'-AGAGAGGCTAGCGATTCTTGTCACACGTTTACCTTGG-3' To amplify GAAmat; FW
ND331 5'-CAGGGCAAAAGCAAACCTTAAAGGAATCCGATTG-3' To mutate HindIII site; FW
ND332 5'-CAATCGGATTCCTTTAAGGTTTGCTTTTGCCCTG-3' To mutate HindIII site; REV
ND333 5'-CTGTTAATCGAAACATTGAAGATAAAGGAAGAGGAATCCTG-3' To generate nmt1-241 promoter; FW
ND334 5'-CAGGATTCCTCTTCCTTTATCTTCAATGTTTCGATTAACAG-3' To generate nmt1-241 promoter; REV
ND337 5'-GTTAATCGAAACATTGAAGATGGAAGAGGAATCCTGGCATATC-3' To generate nmt1-281 promoter; FW
ND338 5'-GATATGCCAGGATTCCTCTTCCATCTTCAATGTTTCGATTAAC-3' To generate nmt1-281 promoter; REV
ND356 5'-CCTTCGCTTTTCTTTAAGCAAGACAATTCCATTGTCTTGACTATCAC-3' To mutate EcoRI site; FW
ND357 5'-GTGATAGTCAAGACAATGGAATTGTCTTGCTTAAAGAAAAGCGAAGG-3' To mutate EcoRI site; REV
ND358 5'-AGAGCTGCAGCCTACAACAACTAAGAAAATGG-3' To amplify adh1; FW
ND359 5'-AGAGCTCGAGTTAGAAAAAAGAAAAGACTTAAAAG-3' To amplify adh1; REV
ND373 5'-AGAGCTGCAGCCTCTACCCCTTGTCTTGAAC-3' To amplify agn1-567; FW
ND374 5'-AGAGCTCGAGATATATAAAATACAACAAGGTTTATATATAC-3' To amplify agn1-567; REV
ND377 5'-AGAGCTGCAGCTAAGGTGATAAGTGGATGGC-3' To amplify agn1-389; FW
ND378 5'-AGAGCTGCAGTTCGTTCAATCTCCAGCCC-3' To amplify agn1-277; FW
ND379 5'-AGAGCTGCAGACTAACACGAAATTCATGAATCC-3' To amplify agn1-249; FW
ND386 5'-CTTATGAAAAGTTCGATGCTACACTTTTTCG-3' To mutate repeat 3 in agn1 promoter; FW
ND387 5'-CGAAAAAGTGTAGCATCGAACTTTTCATAAG-3' To mutate repeat 3 in agn1 promoter; REV
ND388 5'-CACTTTTTCGTTCAATCTCATGCCAGCCACTAACAC-3' To mutate repeat 2 in agn1 promoter; FW
ND389 5'-GTGTTAGTGGCTGGCATGAGATTGAACGAAAAAGTG-3' To mutate repeat 2 in agn1 promoter; REV
ND390 5'-CAATCTCCAGCCCATGACTAACACGAAATTC-3' To mutate repeat 1 in agn1 promoter; FW
ND391 5'-GAATTTCGTGTTAGTCATGGGCTGGAGATTG-3' To mutate repeat 1 in agn1 promoter; REV
ND392 5'-CTTTTTCGTTCAATCTCATGACTAACACGAAATTCATG-3' To mutate repeat 1 in agn1-2Δ promoter; FW
ND393 5'-CATGAATTTCGTGTTAGTCATGAGATTGAACGAAAAAG-3' To mutate repeat 1 in agn1-2Δ promoter; REV
AdH046 5'-CCACTCGAGGGAGTCGCTAGCGCATCTTG-3' To generate MCS pAdH005; FW
AdH047 5'-GATCCCAAGATGCGCTAGCGACTCCCTCGAGTGG-3' To generate MCS pAdH005; REV
AdH048 5'-GATCCATTGAAGGTAGACATCACCATCACCATCACTAAAGATCT-3' To generate MCS pAdH006; FW
AdH049 5'-AGATCTTTAGTGATGGTGATGGTGATGTCTACCTTCAATG-3' To generate MCS pAdH006; REV
AdH066 5'- TCGAGTTAACTATGGCTAGCGCATCTTGGGATCCTAAA-3' To generate pAdH050; FW
AdH067 5'- GATCTTTAGGATCCCAAGATGCGCTAGCCATAGTTAAC-3' To generate pAdH050; REV
AdH070 5'-TTCTGCAGATTTCAGCATGGTTC-3' To generate pAdH056; FW
AdH071 5'-TCGAGAACCATGCTGAAATCTGCAGAACATG-3' To generate pAdH056; REV
AdH084 5'-TGAAGAATGATGCTTTAGATGTG-3' Primer extension; REV

All promoters described in this study except for the nmt1-1 promoter were
cloned between the PstI and XhoI restriction sites of pAdH056. For expression of
GAAmat (amino acids 17−624), the ATG initiation codon was introduced by cloning
the hybridization product of primers AdH066 and AdH067 between the XhoI and
BglII sites of pAdH006, generating pAdH050.  Then, the GAAmat was amplified in
a PCR using primers ND312 and ND310 and cloned between the NheI and BglII
sites of pAdH050, producing pND092. For expression of SPagn1-GAAmat, the Agn1p
signal peptide (amino acids 1−20) generated by hybridization of primers ND179
and ND180 was cloned between the XhoI and NheI sites of pND092, producing
pND054. For generation of the nmt1 promoter series, the original nmt1 promoter
(denoted here as Pnmt1-1) was isolated from pREP4 using the PstI and BamHI sites
and cloned into pUC19 (Yannisch-Perron et al., 1985). Then, the internal HindIII
site was removed by site-directed mutagenesis using primers ND331 and ND332,
generating Pnmt1-2 (pAdH057). For generation of the Pnmt1-241 (pAdH058) and
Pnmt1-281 (pAdH059) versions of this promoter, the TATA element was truncated
(Basi et al., 1993) using primers ND333 and ND334 or ND337 and ND338,
respectively. To create pAdH070, the adh1 promoter was amplified in a PCR using
primers ND358 and ND359, and its internal EcoRI site was removed by site-
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directed mutagenesis using primers ND356 and ND357. For the 5'-truncation
series of the agn1 promoter region, primers ND373−ND379 were used. For
deletion of the individual repeats, the agn1 promoter was cloned into pUC19 using
primers ND374 and ND377, mutagenesis was performed according to the
QuickChangeTM site-directed mutagenesis protocol (Stratagene) using primers
ND386−ND391, and the mutant versions of the agn1 promoter were transferred to
pAdH056, generating plasmids pND065-pND070. Primers ND392 and ND393
were used in a PCR using pND066 as a template to generate the agn1 promoter
deleted for all three copies of the motif (Pagn1-1Δ2Δ3Δ, pND071). All constructs
used in this study were sequenced in both directions by using a series of
overlapping PCR amplification products (BDT sequencing kit, Applied
Biosystems).

Halo Assay and Other Techniques
Cells were grown overnight at 28°C in EMMA medium containing 10 μM
thiamine to an OD595 of 1.0−1.5, washed, and taken up in MQ-H2O in a final
concentration of 1 × 107 cells per ml. Two μl of each cell suspension (2 × 104 cells)
were spotted onto a 94-mm plate containing 20 ml per plate of solid SEMMA
medium with or without addition of 10 μM thiamine, and cells were allowed to
grow at 28°C for 0−96 h. After treatment with iodine vapor for 2 min, halo sizes
were calculated from the diameter of the halo, which included the cells, using a 5-
mm aluminum strip placed beside the halos as a size reference. Microscopy and
sedimentation analyses were performed as described previously (Dekker et al.,
2004).

Results

CCAGCC sequence motif is located upstream of the agn1 core promoter
To characterize the 5'-regulatory region of the agn1+ gene, we identified the
transcription start point (tsp) by a primer extension experiment using an end-
labeled primer and total RNA isolated from exponentially growing cells of wild-
type strain 972. A specific band was obtained in the presence of reverse
transcriptase (Figure 1A, compare lanes 6 and 5), revealing that transcription
initiates at the cytosine of position −171 with respect to the ATG translation
initiation codon. Twenty-two bp upstream of the observed tsp, we found a TA-rich
element with the sequence 5'-TATATAATATAAA, which most likely contains the
TATA-box (Figure 1B). The observed distance between the putative TATA-box
and tsp in the agn1 promoter is similar to those found in the well-characterized S.
pombe promoters of nmt1+, adh1+, and pho4+ (of 26, 33, and 29 bp, respectively)
(Maundrell, 1990). Furthermore, this distance is consistent with in vitro
transcription studies demonstrating that transcription initiation in S. pombe

5
ag

n1
+ 

C
el

l-C
yc

le
 R

eg
ul

at
io

n 
by

 A
ce

2p
 in

 F
is

si
on

 Y
ea

st

Proefschrift N.Dekker_U.qxp  30-10-2006  15:40  Page 121



preferentially starts within a narrow window of approximately 24−35 bp
downstream from the edge of the TATA box (Choi et al., 2002). Together, we
conclude that the region encompassing the putative TATA box and tsp forms the
core promoter of agn1+ for assembly of general transcription factors (Choi et al.,
2004). Finally, between 53 to 99 bp upstream from the putative TATA-box, we
located three copies of the CCAGCC motif, approximately in the middle of the
intergenic region between the open reading frame (ORF) of agn1+ and that of its
upstream neighbor, mug5+ (systematic gene name, SPAC14C4.08). The positions of
the CCAGCC motif in the agn1 promoter are in a similar range (approximately
from positions −200 to −600 with respect to the translation initiation codon) as
those found in the putative promoter regions of mid2+, adg1+, adg2+, adg3+, cfh5+

and SPCC306.11 (Figure 1C). Together, these findings suggest that the CCAGCC
motif may function as an upstream activating sequence (UAS).

122

Figure 1. Conserved sequence motifs are located upstream of the agn1 transcription start point. (A) Mapping of
the transcription start point (tsp) of the agn1 promoter. End-labeled primer AdH084 complementary to the agn1
transcript was incubated with 25 μg of RNA isolated from exponentially growing cells of wild-type S. pombe strain
972. cDNA synthesis was performed with AMV reverse transcriptase (lane 6), along with a control reaction without
reverse transcriptase (lane 5), and products were subjected to electrophoresis on an 8% polyacrylamide gel. A
corresponding DNA sequence ladder was prepared using end-labeled primer AdH084 (lanes 1−4). The tsp is
indicated by an arrowhead. (B) Nucleotide sequence of the agn1 promoter region. The tsp is indicated by an arrow,
the putative TATA box is shaded, and the three copies of the conserved nucleotide sequence motif CCAGCC are
boxed. (C) Schematic representation of the distribution of the CCAGCC motif copies (black) and its reverse version
(gray) in the upstream intergenic regions (up to −1000 bp) of agn1+, eng1+, mid2+, adg1+, adg2+, adg3+, cfh4+, and
SPCC306.11. Note that most motifs are located between −200 and −600 bp upstream of the translation initiation
codon. 
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A simple semi-quantitative plate-based assay for measuring promoter activity
in S. pombe
Because no simple plate-based assay was available to measure promoter activities
in S. pombe, we developed a semi-quantitative assay using starch-hydrolyzing
glucoamylase from Arxula adeninivorans as a reporter (Bui et al., 1996). First, we
tested whether S. pombe cells were able to express and secrete this heterologous
reporter protein. To this end, we cloned the wild-type glucoamylase gene (GAA)
behind the thiamine-repressible nmt1 promoter in a plasmid (pREP4) for ectopic
expression in S. pombe (Maundrell, 1993). Subsequently, we spotted
approximately 20,000 cells expressing this plasmid on a plate containing solid
chemically-defined medium (EMMA) supplemented with 1.5% soluble starch,
and allowed them to grow for three days at 28°C. On plates lacking thiamine
(induction conditions), a clear halo of starch hydrolysis was observed around the
cells following a 2-min incubation with iodine vapor (Figure 2A, Upper, −T),
indicating that these cells expressed and secreted the glucoamylase reporter. By
contrast, only a small halo was visible after growth on starch plates containing
thiamine (repression conditions) (Figure 2A, Upper, +T), consistent with the
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Figure 2. Development of a plate-based assay for
measuring promoter activities in S. pombe. (A) Secretion of
A. adeninivorans glucoamylase is essential for halo
formation. Cells (2 × 104) of strains ND270 (Gaawt), ND274
(SPAgn1-Gaamat), or ND413 (Gaamat) were spotted onto solid
EMMA medium containing 1.5% soluble starch and
supplemented with (+T) or without (−T) 10 μM of thiamine.
After 72 h of growth, plates were exposed to iodine vapor.
(B) A functional promoter is essential for halo formation.
Cells (2 × 104) of strains ND270 (Pnmt1-1), ND359 (Padh1),
ND357 (P−), ND280 (Pagn1), or ND356 (Pagn1-1Δ2Δ3Δ) were
spotted on plates with starch-containing EMMA medium
without thiamine. After the indicated periods of growth,
plates were developed and halo sizes calculated. Note that
the promoter assay is linear in time between 24−96 h of
growth. (C) Halo formation is dependent on transcription
activity. Cells (2 × 104) of strains ND276 (Pnmt1-2), ND277
(Pnmt1-241), ND278 (Pnmt1-281), ND357 (P−), or ND280
(Pagn1) were grown for 96 h on plates with starch-
containing EMMA medium without thiamine. Then, plates
were developed and halo sizes calculated. Bar, 5 mm.
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thiamine-repressible nature of the nmt1 promoter and the presence of residual
promoter activity under repression conditions (Basi et al., 1993). Halo formation
was dependent on secretion of glucoamylase, because when we removed its signal
peptide for entry into the secretory pathway (residues 1−16) and expressed only
mature glucoamylase, no halo was observed under induction conditions (Figure
2A, Lower, −T). When we then placed a heterologous signal peptide (residues 1−
20 of Agn1p) in front of mature glucoamylase, secretion was restored (Figure 2A,
Middle, −T). Second, we demonstrated that halo formation was dependent on the
presence of a functional promoter, as judged by the absence of a halo for a
promoterless control (P−) and the presence of clear halos for the characterized
nmt1 and adh1 promoters (Figure 2B). Also, for these promoters, halo sizes
increased in a linear fashion when cells were grown between 24 and 96 h. Third,
we investigated whether halo sizes correlated with variations in transcription
activity. Along with a promoterless control (P−), we compared the wild-type nmt1
promoter (with TATA-box sequence 5'-ATATATAAA) to two well-characterized
mutant versions containing progressive TATA-box deletions (version 41, with
remaining sequence ATAAA; version 81, with sequence AT). Consistent with data
reported by Basi and colleagues (Basi et al., 1993), we observed a strict correlation
between progressive TATA-box deletions and decreasing halo sizes in our assay
(Figure 2C). Together, these data demonstrate that our plate-based assay is a semi-
quantitative assay suitable for measuring transcription activities of promoters in
S. pombe.

agn1 promoter activity is dependent on Ace2p and Sep1p
To analyze the agn1 promoter in our plate-based assay, we measured the activity
of the intergenic region upstream of the agn1 ORF and observed a clear halo
around the cells (Figure 2, B and C), indicating that this region contained a
functional promoter. Previously, we showed that Agn1p protein levels depend on
the transcription factors Ace2p and Sep1p (Dekker et al., 2004). More recently it
was shown that ace2+ transcription is directly regulated by Sep1p (Rustici et al.,
2004; Petit et al., 2005). To confirm that the observed activity of the agn1 promoter
was Ace2p and Sep1p-dependent, we tested its activity in ace2Δ or sep1Δ cells.
Although a clear halo was observed for wild-type cells, halos were lacking in the
ace2Δ or sep1Δ backgrounds (Figure 3, Upper). To exclude the possibility that
expression or secretion of the glucoamylase reporter was altered in the ace2Δ or
sep1Δ mutants, we confirmed that normal thiamine-dependent halo sizes were
obtained for the nmt1 promoter (Figure 3, compare Middle to Lower). Together,
these data show that ace2+ and sep1+ are required for transcription activity of the
agn1 promoter.

124

Proefschrift N.Dekker_U.qxp  30-10-2006  15:41  Page 124



125

CCAGCC sequence motif acts as an upstream activating sequence
To investigate the role of the three CCAGCC repeats, we generated a series of
progressively truncated versions of the agn1 promoter and tested their activity in
our plate-based promoter assay. Shortening the 5'-region from 567 bp upstream of
the ATG translation initiation codon (i.e., the entire intergenic region) to 389 bp
(containing all three CCAGCC repeats) had no effect on agn1 promoter activity
(Figure 4A, compare rows 1 and 2), allowing us to use the latter 5'-region as the
basic agn1 promoter. Unexpectedly, further shortening of the 5'-region to 277 bp
from the ATG codon and thereby removing repeat 3 had again no major effect on
agn1 promoter activity (Figure 4A, row 3). By contrast, shortening the 5'-region to
249 bp and thereby removing all three CCAGCC repeats abrogated all promoter
activity (Figure 4A, row 4), even though this 5'-region contained the agn1 core
promoter with putative TATA box and tsp (Figure 1B). Together, these results
demonstrate that the agn1 promoter contains a UAS between positions −277 and 
−249 with respect to the ATG translation initiation codon.

To assess the function of the CCAGCC motif, we first deleted all three
repeats simultaneously from the basic agn1 promoter using site-directed
mutagenesis. Importantly, no residual promoter activity was observed (Figure 4B,
row 8). Second, we assessed the contribution of the individual repeats to agn1
promoter activity by deleting them either separately or in combination. Deletion
of repeat 3 resulted in only a minor decrease in promoter activity (Figure 4B, row
2), consistent with the activity observed for the 277-bp spanning agn1 5’-region
(Figure 4A, row 3). By contrast, deletion of repeat 2 showed approximately half of
normal promoter activity (Figure 4B, row 3), whereas deletion of repeat 1
abrogated all promoter activity (Figure 4B, row 4). The finding that, of the three
CCAGCC repeats, repeat 1 appears to be the most important for promoter activity
was confirmed by the observation that simultaneous deletion of repeats 2 and 3
showed a residual activity of approximately 50% compared to the wild-type
promoter (Figure 4B, compare rows 5 and 1), whereas no other double deletion 
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Figure 3. Transcription factors Ace2p and
Sep1p are essential for agn1 promoter
activation. Cells (2 × 104) of strains ND281 (wild
type), ND397 (ace2Δ), or ND403 (sep1Δ)
expressing GAA from the basic agn1 promoter
were spotted on plates with starch-containing
EMMA medium without thiamine (Upper). As
controls for expression and secretion, cells of
strains ND270 (wild type), ND398 (ace2Δ), or
ND404 (sep1Δ) expressing GAA from the nmt1-1
promoter were spotted on plates with starch-
containing EMMA medium without (Middle, −
T) or with (Lower, +T) 10 μM of thiamine. After
72 h of growth at 28°C, plates were developed.
Note that agn1 promoter activity is abrogated in
ace2Δ and sep1Δ cells, whereas nmt1-1 promoter
activity persists. Bar, 5 mm.
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showed any residual promoter activity (Figure 4B, rows 6 and 7). In summary,
these data demonstrate that repeats 1 and 2 of the CCAGCC motif act as a UAS in 
the agn1 promoter.

CCAGCC sequence motif in the agn1 promoter is essential for
complementation
To evaluate whether the CCAGCC motif is required for agn1+ expression in vivo,
we cloned the basic agn1 promoter with or without the three CCAGCC repeats in
front of the agn1 ORF on a pREP4-based plasmid for ectopic expression and
determined whether these constructs were able to complement the phenotype of
the agn1 deletion mutant. For this purpose, we took advantage of the clumping
phenotype of the agn1Δ mutant and applied our previously described
sedimentation assay (Dekker et al., 2004). Wild-type cells sedimented hardly
during a 30-min time period, whereas agn1Δ cells sedimented at a moderate

126

-400-500

GAA

GAA

GAA

GAA

GAA

GAA

GAA

GAA

21

3      1

2

1

2

3

3  2

-100-200-300 0

A

3  2 1 

GAA

GAA

GAA

GAA

GAA

- 567

- 389

- 277

- 249

 0

-100-200-300-400-500-600 0

3  2 1 

2 1 

B

1

2

3

1

2

3

4

5

6

7

8

0.7

0.8

0.7

0.8

0.7

0.4

0.0

0.4

0.0

0.0

0.0

Halo size
(mm2)

Halo size
(mm2)

1
- 389

3

0.0

0.0

4

5

Figure 4. Repeats 1 and 2 of the CCAGCC
motif act as a UAS.(A) Schematic
representation of a 5'-truncation series for the
agn1 promoter region with accompanying
halos and their sizes. Cells (2 × 104) of strains
ND280−ND283 expressing GAA from
truncation forms of the agn1 promoter or
control strain ND357 (P−) were spotted on
plates with starch-containing EMMA
medium. After 72 h of growth at 28°C, plates
were developed. (B) Schematic
representation of a deletion series for the
three repeats of the CCAGCC motif, deleted
either separately or in combination, with
accompanying halos and their sizes. Cells (2
× 104) of strains ND281 expressing GAA from
the basic agn1 promoter or strains ND350−
ND356 expressing mutant versions thereof
were tested as in (A). Arrows indicate the tsp
for the wild-type agn1 promoter. Bar, 5 mm.
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velocity, thereby clearing the culture medium (Table II, compare  agn1Δ to wild
type). As expected, a promoterless control plasmid (Figure 5A, pP−-agn1) failed to
complement the  agn1Δ clumping phenotype (Figure 5B, Table II), whereas agn1Δ
cells expressing the agn1 ORF from the basic agn1 promoter (Figure 5A, pPagn1-
agn1) did not clump and showed a sedimentation index comparable to that of
wild-type cells (Figure 5B, Table II). These data indicate that the 389-bp 5'-region
of agn1+ contains a functional promoter for agn1+ function. Importantly,
simultaneous deletion of all three CCAGCC repeats from the basic agn1 promoter
rendered it inactive, because cells expressing the agn1 ORF from this mutant
promoter showed a clumping phenotype and a sedimentation index similar to
cells containing the promoterless control plasmid (Figure 5B, Table II, compare
pPagn1-1Δ2Δ3Δ-agn1 to pP−-agn1). These data confirm that the agn1 core promoter,
without the CCAGCC motif, lacks intrinsic promoter activity. In summary, we
conclude that agn1+ expression in vivo relies on the CCAGCC motif to act as a
UAS. 5
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promoterless control (P−). (B) agn1Δ cells containing the
agn1 ORF behind Pagn1 (strain ND412), Pagn1-1Δ2Δ3Δ
(strain ND361), or P− (strain ND362), together with cells
from wild-type strain 972 were grown  in liquid EMMA
culture medium to mid-exponential phase and
visualized by calcofluor white staining and differential
interference contrast (DIC) microscopy. Bar, 10 μm.
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Discussion

In this report, we identify the nucleotide sequence motif CCAGCC as a novel UAS
in S. pombe (Figure 1 and 4) by using a simple plate-based assay for measuring
promoter activities semi-quantitatively (Figure 2). We show that agn1 promoter
activity depends on transcription activators Ace2p and Sep1p (Figure 3). 
Furthermore, we demonstrate that the three copies of the CCAGCC motif do not
contribute equally to transcription activation, because only repeats 1 and 2 appear
to act as a UAS (Figure 4B). Finally, we demonstrate by using complementation
analyses that the CCAGCC motif in the agn1 promoter is essential for agn1+

function in vivo (Figure 5 and Table II). 

Table II. Complementation of the agn1ΔΔ phenotype by sedimentation analysis

Genotypea Strain Sedimentation timeb

80% of 50% of

initial OD595 initial OD595

wild type 972 >30 >30

agn1Δ ND001 12 ± 1 20 ± 1

agn1Δ [pPagn1-agn1] ND412 25 ± 2 >30

agn1Δ [pPagn1-1Δ2Δ3Δ -agn1] ND361 15 ± 1 20 ± 1

agn1Δ [pP− -agn1] ND362 15 ± 1 20 ± 1

a Complete genotypes are shown in Table I. 
b Sedimentation times (min) are the times required for the OD595 of the individual cultures to decrease to 80% or 50%
of their initial values and are the mean ± SD of three individual experiments. Note that the [pPagn1-agn1] construct
complements the agn1Δ phenotype, whereas the construct [pPagn1-1Δ2Δ3Δ-agn1] lacking all three repeats does not.

We developed a new and simple plate-based assay for promoter studies in S.
pombe, an assay, which in contrast to those with chloroamphenicol
acetyltransferase, luciferase, or β-galactosidase, does not require laborious
handling of cells (Figure 2). For our assay, we utilized the secreted glucoamylase
Gaa from A. adeninivorans as a reporter. Glucoamylase (EC 3.2.1.3) hydrolyzes
(1,4)-α-glucosidic linkages from starch, thereby releasing single glucose moieties
from its non-reducing end (Sauer et al., 2000). Gaa is a multi-domain protein with
a carboxyl-terminal catalytic domain and an amino-terminal carbohydrate
binding type-21 domain (CBM21), which functions as a starch-binding domain
(Machovic et al., 2005). We tested the putative S. pombe α-amylase Meu17p
(SPBC14C8.05c) as an alternative reporter for our promoter assay, but, unlike Gaa,
Meu17p was unable to hydrolyze the starch in the culture medium, rendering it
unsuitable for this assay (data not shown). Perhaps a starch-binding domain,
which is present in Gaa but absent from Meu17p, may be required for efficient
hydrolysis of starch from the medium. Furthermore, GAA was also successfully
expressed in S. cerevisiae cells (Bui et al., 1996; data not shown), indicating that this
promoter assay can also be adapted for use in S. cerevisiae and that comparative
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promoter studies for both model yeasts are feasible. In conclusion, our promoter
assay provides a simple but powerful tool for the quantification of promoter
activities and the identification of upstream activating sequences in yeast
promoters. 

Consistent with the function of Ace2p as a transcription activator for
genes involved in cell separation in S. pombe, deletion of ace2 results in total loss
of agn1 promoter activity (Figure 3). Similarly, in S. cerevisiae the Ace2p ortholog
regulates expression of CTS1, the gene encoding the sole chitinase essential for
dissolution of the primary septum (Dohrmann et al., 1996). Ace2 proteins belong
to the family of C2H2 zinc-finger transcription factors. The C2H2 zinc finger is a
small peptide motif strongly conserved from prokaryotes to humans with a
characteristic architecture of a two-stranded antiparallel β-sheet and one α-helix
stabilized by a zinc ion (Iuchi, 2000). Direct binding of the motif to the DNA
sequence is achieved by the α-helix, which protrudes from the bulk of the protein
and contacts a 3−4 bp site in the DNA (Klug, 1999). Both the S. pombe and S.
cerevisiae Ace2 proteins contain two classical C2H2 zinc-finger motifs as well as one
C2HC motif, in which the second conserved histidine of the zinc finger is replaced
by a cysteine; and, these zinc finger domains share an overall amino acid sequence
identity of 56%. In S. cerevisiae, the triple zinc-finger domain of Ace2p has been
shown to bind directly to promoter DNA of CTS1 in vitro (Dohrmann et al., 1996;
McBride et al., 1999). We propose that transcription activation of the S. pombe
Ace2p target genes is also achieved by direct binding of the zinc-finger domains
to gene-specific DNA, namely to the UAS. This binding may activate the general
transcription factors of the RNA polymerase II transcription apparatus at the core
promoter, perhaps via a mediator complex. This hypothesis is supported by the
observation that S. pombe cells deleted for the putative general transcription factor
genes sep10+ or sep11+ as well as a conditional mutant of mediator-complex gene
med8+ (also called sep15+) display a cell-separation phenotype similar to that of
ace2Δ cells (Zilahi et al., 2000; Spåhr et al., 2001; Szilagyi et al., 2002).

Deletion of the individual copies of the conserved sequence motif
CCAGCC upstream from the agn1 core promoter did not lead to an equal
reduction in agn1 promoter activity (Figure 4). In budding yeast S. cerevisiae, a
very similar motif with the nucleotide sequence 5'-ACCAGC was identified in the
promoter region of CTS1 (Dohrmann et al., 1996). Like for the agn1 promoter, three
copies of the ACCAGC motif are present in the S. cerevisiae CTS1 promoter but
only the two most proximal to the tsp are active as a UAS. Close examination of
sequences adjacent to the CTS1 and agn1 core motifs did not identify nucleotides
that could distinguish between active and inactive copies. Perhaps another aspect,
such as a specific proximity to the tsp, is also required for full transcription
activation. We speculate that, in S. pombe, high specificity of promoter binding and
transcription activation may be achieved only after repeats 1 and 2 are each bound
by a separate Ace2p molecule, with each Ace2p molecule requiring interactions
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via multiple zinc fingers. Interestingly, all eight "high amplitude" target genes for
Ace2p contain at least two copies of this motif (Figure 1C).

Orthologs of the Ace2p transcription factor have also been conserved in
the human fungal pathogens Candida albicans and Candida glabrata. Whereas
deletion of ACE2 in C. glabrata leads to hypervirulence, deletion in C. albicans leads
to a strong decrease in virulence (Kelly et al., 2004; Kamran et al., 2004). Also in
these two fungi, the Ace2p transcription factor is involved in a transcription
cascade, which results in the coordinated expression of genes essential for
effective cell separation (Estaban et al., 2005). Interestingly, the target genes of
these transcription factors all contain in their promoter regions copies of the
sequence motif 5'-ACCAGC or its reverse version 5'-GCTGGT (data not shown).
These findings allow future investigations into the role of the Ace2p binding
motifs for virulence of these fungal pathogens.
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Abstract

Despite numerous studies investigating cell-cycle regulation in the fission yeast
Schizosaccharomyces pombe and the budding yeast Saccharomyces cerevisiae,
comparative studies on regulation of gene expression in the two model eukaryotes
are limited. Here we present a simple plate-based assay to study transcription
regulation in both yeasts. The assay relies on the exploitation of the glucoamylase
enzyme from Arxula adeninivorans as a reporter, which can be fused to any
promoter. In each yeast species, we generated a plasmid containing the same
multiple-cloning region in front of the glucoamylase gene, allowing convenient
swapping of promoters of interest. By the use of characterized constitutive or
inducible promoters, we show that the assay accurately reflects the individual
promoter activities in both yeast species. Due to its simplicity, this reporter system
offers a convenient tool for understanding the mechanisms involved in
transcription regulation in fission yeast and budding yeast and can be adopted for
use in high-throughput screens.
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Introduction

The yeasts Schizosaccharomyces pombe and Saccharomyces cerevisiae are widely used
as model organisms for the study of the eukaryotes biology. Both yeasts are
attractive model organisms, because their genomes have been fully sequenced
and molecular genetic methods can be applied with relative ease (Goffeau, et al.
1997; Wood et al., 2002). Moreover, the molecular mechanisms operating in these
yeasts, such as the cell division cycle, protein secretion, or transcription
regulation, closely resemble the equivalent systems in higher eukaryotes,
underlining the use of these yeasts as model organisms. (Wood et al., 2002). 

The availability of the complete genome sequence of S. pombe has lead to
the annotation of ~5000 genes. Approximately two-thirds of these genes share a
homolog in S. cerevisiae. Recent transcription profiling experiments revealed that
the expression of only ~400 S. pombe genes is cell cycle regulated. Of these genes,
only ~40 possess a S. cerevisiae homolog that also shows clear periodic expression
during the cell cycle, indicating that the overall cell cycle-regulated transcription
of genes of these two yeasts has been poorly conserved in evolution. However, the
three main complexes regulating the subsequent waves of gene expression during
the cell cycle have been quite conserved (Spellman et al., 1998; Rustici et al., 2004;
Peng et al., 2005; Oliva et al., 2005). Moreover, several transcription factors, such as
the forkhead and C2H2 zinc-finger transcription factors, have been well conserved
between the two yeasts (Bähler, 2005). A simple reporter assay would greatly
simplify the investigation into the regulation of periodic transcription of genes
during the cell cycle by these transcription factors. Although tools have been
developed for efficient gene disruptions, targeted integration, and expression of
genes in these yeasts, only a few simple reporter assays for studying transcription
regulation are available. 

Reporter assays are convenient tools to study transcriptional activity of
promoters, since they provide an easy semi-quantitative readout for specific
mRNA levels in the cell (Alam and Cook, 1990). Generally, the assays involve the
quantitation of the amount or enzyme activity of a reporter whose gene is fused
downstream a promoter of interest.  These reporters include β-galactosidase,
chloramphenicol acetyltransferase, luciferase, and α-galactosidase (Silhavy and
Beckwith, 1985; Shaw and Leslie, 1991; Gould and Subramani, 1988; Aho et al.,
1997). The β-galactosidase reporter has been mainly used for the identification of
protein interactions using the two-hybrid assay in S. cerevisiae. Also in S. pombe,
the β-galactosidase reporter has been used in a liquid-based assay (Raponi et al.,
2003; Ladds et al., 2005; Kim et al., 2005). However, unlike S. cerevisiae cells, S.
pombe cells hardly grow on media with a neutral pH, whereas pH 7 is optimal for
screening colonies for a blue phenotype as a result of β-galactosidase activity.
Therefore this reporter cannot be easily used in a simple plate-based assay for S.
pombe, rendering it unsuitable for extensive promoter studies as well as high-
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throughput screens. 
Glucoamylases are enzymes that catalyze the removal of β-glucose

moieties from the non-reducing ends of starch or other (1,4)-α-linked glucans,
using an inverting mechanism (Sauer et al., 2000). The glucoamylase gene (GAA)
from Arxula adeninivorans belongs to family 15 of the glycoside hydrolases and
contains a putative amino-terminal starch-binding domain for efficient starch
hydrolysis (Henrissat, 1991; Machovic et al., 2005). Biochemical characterization
showed that the protein is temperature-stable and displays a broad pH optimum
of 4.0−5.5 (Büttner et al., 1987, 1991). Bui and colleagues showed that under control
of the GAL1 promoter, S. cerevisiae cells effectively expressed and secreted
glucoamylase into the culture medium (Bui et al., 1996). 

Here we describe the use of the glucoamylase from A. adeninivorans as a
reporter for promoter activity in, S. pombe and S. cerevisiae. We constructed a set of
constructs harboring the glucoamylase gene with identical multiple cloning sites
applicable for comparative expression studies in both yeasts. We expressed the
glucoamylase and showed that it is efficiently secreted in both yeasts. Using this
reporter, we set up a simple semi-quantitative plate-based assay and validated the
assay by using a number of characterized promoters of known activity. This
reporter system provides a very efficient tool to investigate transcription
regulation of genes in S. pombe and S. cerevisiae.

Materials and methods

Strains and Culture Media
The E. coli strain DH5α was used for all plasmid isolations. S. pombe cells of strain
ura4-D18 or S. cerevisiae cells of strain BY4741 (EUROSCARF) were transformed as
described (Akada et al., 2000; Van der Leij et al., 1993) and resulting strains are
described in Table I. YEA and YPD media were prepared as described (Sherman,
1991; Moreno et al., 1991). S. pombe transformants were grown in minimal EMM2
medium (Moreno et al., 1991) supplemented with 0.25% (w/v) adenine sulfate
(EMMA) and S. cerevisiae transformants were grown on minimal YNB medium
consisting of 0.67% (w/v) yeast nitrogen base (Difco), 2% (w/v) glucose and
0.02% (w/v) amino acids as required. SYNB was YNB and SEMMA was EMMA
with addition of 1.5% (w/v) starch (treated according to Zulkowsky) (Fluka;
85642). For GAL1 promoter induction, S. cerevisiae transformants were grown on
SYNB medium with 2% (w/v) galactose instead of glucose. DNA sequencing was
performed using a series of overlapping PCR amplification products (BDT
sequencing kit, Applied Biosystems).

Cloning procedures
All polymerase chain reactions were performed using pfu polymerase (Stratagene)
or PhusionTM polymerase (Finnzymes) on genomic DNA of wild-type S. pombe
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strain 972 or S. cerevisiae strain BY4741. Details on the primers are summarized in
Table I. For convenient cloning, the multiple-cloning site (MCS) of S. pombe
expression plasmid pREP4 was altered. To this end, the hybridization product of
primers AdH046 and AdH047 was cloned into pREP4 digested with MluNI and
BamHI restriction enzymes, generating pAdH005. Subsequently the hybridization
product of primers AdH048 and AdH049 were cloned between the newly
generated BamHI restriction site and the original pREP4 SmaI site, producing
pAdH006. For glucoamylase expression of Arxula adeninivorans Ls3 (Swiss-Prot
accession number P42042) in S. pombe, the open reading frame (ORF) was
amplified with primers ND309 and ND310 from plasmid pBscG-GAA-C21 kindly
provided by Kunze G. (Bui et al., 1996) and cloned between the XhoI and BglII site
of pAdH006, generating plasmid pND042. To produce a promoterless plasmid
pAdH056 (Figure 1A), the nmt1-1 promoter was removed from pND042 with the
restriction enzymes SphI and XhoI and the hybridization product of primers
AdH070 and AdH071 was inserted in its place. Plasmids used for expression in S.
pombe were derived from this plasmid. For expression of glucoamylase in
S. cerevisiae, primers AdH068 and AdH069 were hybridized and cloned between
the HindIII and EcoRI restriction sites of pUC19 (Yanisch-Perron et al., 1985).

Table I. Strains used in this study

Species        Strain*         Genotype plasmid description

S. pombe ura4-D18 h− ura4-D18 -

S. cerevisiae BY4741 MATa  his3-Δ1 leu2-Δ0  met15-Δ0 ura3-Δ0 -

S. pombe ND276 h− ura4-D18 [pND042] [pPnmt1−GAA] 

S. pombe ND278 h− ura4-D18 [pAdH060] [pPnmt1-281−GAA] 

S. pombe ND357 h− ura4-D18 [pAdH056] [pP− −GAA]

S. pombe ND359 h− ura4-D18 [pAdH078] [pPadh1-2−GAA]

S. cerevisiae ND371 MATa BY4741 [pAdH067] [pP− −GAA]

S. cerevisiae ND372 MATa BY4741 [pAdH068] [pPGAL1-s−GAA]

S. cerevisiae ND373 MATa BY4741 [pAdH069] [pPGAL1-w−GAA]  

S. cerevisiae ND374 MATa BY4741 [pAdH070] [pPADH1−GAA]  

*All strains were constructed for this study, except for BY4741 (EUROSCARF) and ura4-D18. 

Subsequently, the CYC1 3'-untranslated region (265 bp) was amplified from
genomic DNA of strain BY4741 using primers ND363 and ND364 and cloned into
the BglII and EcoRI sites of this plasmid, to produce pAdH065. This plasmid was
then digested with HindIII and EcoRI and the insert was transferred to
YEPLAC195, to generate a new MCS. Finally, the AaGAA was cloned into the XhoI
and BglII restriction site, producing pAdH067 (Figure 1B). Plasmids used for
expression in S. cerevisiae are derived from this plasmid. All promoters described
in this study were cloned into the PstI and XhoI restriction sites. Plasmid pAdH059
containing the Pnmt1-281 promoter was described previously (Dekker et al., 2004)
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Table II. Primers used in this study

Primer Sequence Comments
ND309 5'-AGAGCTCGAGTTAACTATGCGTCAGTTTCTAGCACTTGCTG-3' To amplify AaGAA FW

ND310 5'-AGAGAGATCTCTATAGGTCAGCAACATTGGTGAG-3' To amplify AaGAA REV

ND331 5'-CAGGGCAAAAGCAAACCTTAAAGGAATCCGATTG-3' To generate nmt1-2 FW

ND332 5'-CAATCGGATTCCTTTAAGGTTTGCTTTTGCCCTG-3' To generate nmt1-2 REV

ND337 5'-GTTAATCGAAACATTGAAGATGGAAGAGGAATCCTGGCATATC-3' To generate nmt1-281 promoter FW

ND338 5'-GATATGCCAGGATTCCTCTTCCATCTTCAATGTTTCGATTAAC-3' To generate nmt1-281 promoter REV

ND356 5'-CCTTCGCTTTTCTTTAAGCAAGACAATTCCATTGTCTTGACTATCAC-3' To generate adh1-2 FW

ND357 5'-GTGATAGTCAAGACAATGGAATTGTCTTGCTTAAAGAAAAGCGAAGG-3'   To generate adh1-2 REV

ND358 5'-AGAGCTGCAGCCTACAACAACTAAGAAAATGG-3' To amplify adh1-2 promoter FW

ND359 5'-AGAGCTCGAGTTAGAAAAAAGAAAAGACTTAAAAG-3' To amplify adh1-2 promoter REV

ND363 5'-AGAGAGATCTTTTCCTTTGTCGATATCATG-3' To amplify CYC1 3' UTR FW

ND364 5'-AGAGGAATTCGCAAATTAAAGCCTTCGAG-3' To amplify CYC1 3' UTR REV

ND365 5'-AGAGCTGCAGAACTGCTCATTGCTATATTG-3' To amplify GAL-s FW

ND367 5'-AGAGCTGCAGGACGGAAGACTCTCCTCC-3' To amplify GAL-w FW 

ND368 5'-AGAGCTGCAGCTTTTGTTGTTTCCGGGTGTAC-3' To amplify ADH1 promoter FW

ND369 5'-AGAGCTCGAGATAGTTGATTGTATGCTTGGTATAG-3' To amplify ADH1 promoter REV

ND398 5'-AGAGCTCGAGTGGCCACTTGACGTTAAAGTATAGAGG-3' To amplify GAL1 REV

AdH046 5'-CCACTCGAGGGAGTCGCTAGCGCATCTTG-3' To generate MCS pAdH005

AdH047 5'-GATCCCAAGATGCGCTAGCGACTCCCTCGAGTGG-3' To generate MCS pAdH005

AdH048 5'-GATCCATTGAAGGTAGACATCACCATCACCATCACTAAAGATCT-3' To generate MCS pAdH006

AdH049 5'-AGATCTTTAGTGATGGTGATGGTGATGTCTACCTTCAATG-3' To generate MCS pAdH006

AdH068 5'-AGCTTCTGCAGATTTCAGCTCGAGCATGGTTAGATCTAGTATCG-3' To generate MCS pAdH067

AdH069 5'-AATTCGATACTAGATCTAACCATGCTCGAGCTGAAATCTGCAGA-3' To generate MCS pAdH068

AdH070 5'-TTCTGCAGATTTCAGCATGGTTC-3' To delete nmt1-1 from pND42

AdH071 5'-TCGAGAACCATGCTGAAATCTGCAGAACATG-3' To delete nmt1-1 from pND42

To generate Padh1 (pAdH078), the S. pombe adh1 promoter was amplified from
genomic DNA using primers ND358 and ND359 and the EcoRI restriction site was
removed using primers ND356 and ND357. All constructs used in this study were
sequenced by using a series of overlapping PCR amplification products (BDT
sequencing kit, Applied Biosystems).
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HindIII PstI XhoI

BglII

AaGAA nmt1 3' UTR

ura4+

AaGAA CYC1 3' UTR

URA3

aagcttctgcagatttcagctcgagttaactATG
HindIII PstI XhoI Kozak

A    S. pombe expression (pAdH056)

B     S. cerevisiae expression (pAdH067)       

BglII

aagcttctgcagatttcagctcgagttaactATG
HindIII PstI XhoI Kozak

Figure 1. Use of heterologous modules for
parallel promoter studies in S. pombe and
S. cerevisiae. Schematic view of the Arxula
adeninivorans glucoamylase expression
modules and their multiple-cloning sites.
For studies in S. pombe and S. cerevisiae, the
A. adeninivorans glucoamylase reporter was
introduced into a new multiple-cloning site
of a pREP4-based plasmid, pAdH056, or a
YEPLAC195-based plasmid, pAdH067,
respectively. For expression studies,
promoters or fragments thereof can be
introduced in the HindIII or PstI and XhoI
restriction sites. The schematic diagrams
are not to scale.
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Halo Assay
Cells were grown overnight in EMMA medium containing 10 μM thiamine at
28°C to an OD595 of 1−1.5. Cells were washed and diluted in MQ-H2O to a
concentration of 1 × 107 cells/ml. Two microliters of S. pombe cell suspension (2 ×
104 cells) was spotted on 20 ml SEMMA plates with or without addition of 10 μM
thiamine. Two microliters of S. cerevisiae cell suspension (2 × 104 cells) was spotted
on SYNB medium containing 2% (w/v) galactose. Cells were allowed to grow at
32°C for 72 h. A 5-mm aluminum strip were placed onto the plate and used as a
size reference. Halo size was calculated by measuring the diameter of the halo
including the spot of cells.

Results and Discussion

Previously, we developed a semi-quantitative reporter assay for studying
promoter activity in S. pombe (Dekker et al., 2006, Chapter 5). In this assay, we use
the heterologous glucoamylase from A. adeninivorans as a reporter for promoter
activity. The halo formed in a growth-medium plate by reporter-dependent starch
degradation thereby reflects promoter activity and is used as a semi-quantifiable
readout. 

To test whether S. cerevisiae cells, in addition to S. pombe cells, could be
used as a host for the halo assay, we performed the following four experiments.
First, we tested whether the yeasts show endogenous amylase activity by spotting
wild-type S. pombe and S. cerevisiae cells on starch-containing media. After growth
at 32°C for three days followed by an exposure to iodine vapor, no halo could be
observed around the cells, showing that both yeasts lack an inherent ability to
hydrolyze soluble starch efficiently (data not shown). Both S. pombe and S.
cerevisiae genomes, however, encode a homolog of the A. adeninivorans
glucoamylase. The S. pombe Meu17 protein (systematic name SPBC14C8.05c)
shares 30% amino-acid sequence identity with the catalytic domain of A.
adeninivorans glucoamylase, whereas the S. cerevisiae Sga1 protein (systemic name,
YIL099W) shares 29% identity. In addition, the general catalytic residues Asp-200
and Asp-203 characterized for glucoamylase of Aspergillus awamori var. X100, one
of the founding members of glycoside hydrolase family 15 (Sierks et al., 1990), is
conserved in both the S. pombe and S. cerevisiae proteins, indicating that they might
be functional amylases. Unlike AaGaa, however, both proteins lack a
carbohydrate-binding domain (CBM21). Perhaps a starch-binding domain, which
is present in AaGaa but absent from SpMeu17p and ScSga1p, is required for
efficient hydrolysis of starch from the medium. 

Second, we tested whether the yeast strains carrying plasmids without a
promoter secreted any A. adeninivorans glucoamylase into the medium. To this
end, we cloned the AaGAA gene into the multi-copy plasmid pREP4 for S. pombe

A
dd

en
du

m
2 

 A
 N

ew
 R

ep
or

te
r A

ss
ay

 fo
r T

ra
ns

cr
ip

tio
n 

A
ct

iv
at

io
n 

St
ud

ie
s

Proefschrift N.Dekker_U.qxp  30-10-2006  15:41  Page 137



expression and YEPLAC195 for S. cerevisiae expression (Gietz and Sugino, 1988)
and introduced new identical multiple-cloning sites containing several restriction-
enzyme recognition sites and a Kozak sequence for efficient translation.
Subsequently, these plasmids were expressed in the appropriate yeasts and 2 × 104

cells were spotted on minimal medium containing 1.5% soluble starch (Figure 2,
see P−). Both S. pombe and S. cerevisiae cells were unable to hydrolyze starch in the
medium on the media tested, showing that GAA transcription is dependent on a
functional promoter. 

Third, to compare the relative AaGaa expression levels between S.
cerevisiae and S. pombe, we introduced the constitutive alcohol dehydrogenase
(PADH1) middle promoter in front of the AaGAA open reading frame, generating
pAdH070. This promoter constitutes 704 base pairs (bp) (−704 to +1 bp) of the
ADH1 promoter region and is active during exponential phase growth in glucose
medium, expressing glucoamylase without initial delay after cell spotting (Vainio,
1994; Ruohonen et al., 1995).  S. cerevisiae cells expressing AaGAA from this
promoter showed a clear halo around the cells after growth for three days on
succinic acid-buffered glucose medium (Figure 2, left panel). Remarkably, S.
pombe cells expressing AaGAA from the constitutive S. pombe alcohol
dehydrogenase (adh1) promoter (-787 to +1 bp) (pAdH078) (McLeod et al., 1987)
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Figure 2. Expression of Arxula adeninivorans glucoamylase in S. pombe and S. cerevisiae by constitutive
promoters. (A). Cells (2 × 104) of S. cerevisiae strain BY4741 containing the glucoamylase gene GAA behind P− (strain
ND371) or PADH1 (strain ND374) and S. pombe ura4-D18 cells (2 × 104) containing plasmids with GAA behind P− (strain
ND357), or Padh1-2 (strain ND359) were spotted onto solid SYNB or SEMMA medium, respectively. The cells were
grown for 72 h and exposed to iodine vapor. Bar, 5 mm. (B) Calculated surface area of the halos from (A). Note that
expression and secretion efficiencies of A. adeninivorans glucoamylase in S. cerevisiae and S. pombe are comparable.
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produced a halo of similar size as that observed with S. cerevisiae cells expressing
AaGAA from the homologous promoter (Figure 2, right panel), indicating that the
levels of expression and secretion of the heterologous glucoamylase by the two
yeast species is comparable. 

Fourth, we investigated whether halo sizes correlated with variations in
transcription activity for each yeast. To this end, we introduced two versions of
the well-characterized inducible galactokinase promoter with strong (PGAL1-s) or
weak (PGAL1-w) activities into pAdH067, generating pAdH068 and pAdH069,
respectively. Consistent with data reported by West and colleagues (1984), the
GAL1-s promoter (463 bp; West et al., version 6, class A) showed a higher
transcriptional activity than to the GAL1-w promoter (truncated version of PGAL1-

s: 403 bp; West et al., version 10, class A), as detected in our assay by an increase
in halo size (Figure 3A, left panel). However, we observed a 1.6-fold difference in
promoter activity between the two PGAL versions (Figure 3B), whereas West and
colleagues detected a sixfold difference in promoter activity reflected by the
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Figure 3. Expression of Arxula adeninivorans glucoamylase in S. pombe and S. cerevisiae by inducible promoters. (A).
Cells (2 × 104) of S. cerevisiae strain BY4741 containing the glucoamylase gene GAA behind P− (strain ND371), 
PGAL1-s (ND372), or PGAL1-w (ND373) were spotted on solid SYNB supplemented with 2% galactose (ON) or 2% glucose
(OFF). Cells (2 × 104) of S. pombe strain ura4-D18 containing plasmids with GAA behind P− (ND357), Pnmt1-2 (ND276),
or Pnmt1-281 (ND278) were spotted onto solid SEMMA medium (ON) or SEMMA supplemented with 10 μM
thiamine (OFF). Cells were grown for 72 h and exposed to iodine vapor. Bar, 5 mm. (B) Calculated surface area of the
halos from (A). Note the differences in halo size between GAA expression from PGAL1-s or PGAL1-w and between Pnmt1-
2 and Pnmt1-281.
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activity of β-galactosidase in culture lysates (West et al., 1984). Also the difference
in activity between the S. pombe nmt1-1 and nmt1-281 (a TATA box truncated
version of Pnmt1-2) promoters was smaller in our halo assay as compared to the
data reporter by Basi and colleagues, who used the bacterial chloramphenicol-
acetyltransferase enzyme (Figure 3, right panel) (Figure 2C, Chapter 5). The
reason for this difference is presently unknown and further research is required to
understand whether this is caused by the halo formation in our plate-based assay
or secretion of glucoamylase by the cells.

Recently, a new truncated variant of the nmt1 promoter was constructed
with the novel characteristic, allowing induction through a shift in growth
temperature, instead of through time-consuming removal of the repressor
thiamine. Furthermore, this promoter achieved maximum expression within 3 h
instead of 18−20 h for Pnmt1-1 (Kumar and Singh, 2006). Our halo assay would
provide a simple tool to screen for such new promoter characteristics.
Furthermore, it will allow detailed investigations into the role of conserved
sequence motifs such as the putative forkhead and C2H2 zinc-finger motifs in
transcription regulation in S. pombe and S. cerevisiae. 

Conclusions
In this report we tested the use of an Arxula adeninivorans glucoamylase as a
reporter in a simple plate based-halo assay in the model yeasts, S. pombe and S.
cerevisiae. For comparative studies between the two model yeasts, new plasmids
were generated with identical multiple-cloning sites for rapid promoter swapping
and efficient glucoamylase expression. Not only S. pombe, but also S. cerevisiae
secreted the glucoamylase efficiently, resulting in a clear halo around the cells.
The advantages of this assay are that: (i), the assay does not require elaborate
handling of cells; (ii), the same heterologous enzyme is utilized as a reporter for
both yeasts species; and (iii), the size of the halo can be used as a semi-quantifiable
readout. This assay therefore provides a rapid tool for comparative studies into
cell cycle-regulated transcription activation in S. pombe and S. cerevisiae, allowing
investigations into the evolutionary conservation of these molecular mechanisms.
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Abstract 

Cell separation requires specialized hydrolases to locally dissolve cell-wall and
septum material, while maintaining cellular integrity. Previously, we showed that
the endo-(1,3)-α-glucanase Agn1p from fission yeast plays a pivotal role in
hydrolyzing cell-wall material that surrounds the septum. The other known cell-
separation hydrolase is the (1,3)-β-glucanase Eng1p, which hydrolyzes the central
layer of the septum. However, deletion of both eng1 and agn1 did not lead to a
complete inhibition of cell separation. This prompted us to investigate the role of
another putative polysaccharide hydrolase for a possible role in cell separation,
the chitinase-like protein Cts1p. Analysis of its amino-acid sequence suggested
that Cts1p might be highly glycosylated and catalytically inactive. Whereas
overexpression of cts1 in wild-type cells showed no phenotype, cells deleted for
cts1 showed a mild cell-separation defect, similar in phenotype to agn1Δ cells,
indicating that Cts1p might play a role during cell separation. We propose a
model for Cts1p during the fission-yeast cell cycle.
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Introduction

In fission yeasts, the cell cycle concludes with the physical separation of the two
daughter cells in a process called cell separation. Cell separation in the fission
yeast Schizosaccharomyces pombe is facilitated by the synthesis of a septum in the
middle of the dividing cell. To complete cell division, this septum and the
surrounding cell-wall material is partially hydrolyzed by the dedicated
hydrolases Eng1p and Agn1p, respectively (Martín-Cuadrado et al., 2003; Dekker
et al., 2004). Deletion of the genes encoding these hydrolases from the S. pombe
genome results in clumped cells that remain attached to each other via remnants
of the septum. Interestingly, in the single agn1Δ or eng1Δ mutant, and even in the
agn1Δ eng1Δ double mutant, cell separation is not inhibited completely, indicating
the possible involvement of additional glycoside hydrolases. 

Chitin, a polysaccharide composed of (1,4)-β-linked N-acetylglucosamine
residues, is a minor, but essential, polysaccharide in the cell wall of budding yeast
Saccharomyces cerevisiae. Three synthases, ScChs1p, ScChs2p, and ScChs3p, have
been identified to be involved in the synthesis of chitin. During vegetative growth,
chitin is synthesized in the lateral cell wall by chitin synthase ScChs3p, which also
synthesizes the chitin ring at the bud site just before daughter-bud emergence
(Shaw et al., 1991). Four regulatory proteins, ScChs4p−ScChs7p, have been found
to be involved in the activation, localization, and transportation of chitin synthase
ScChs3p during the cell cycle (DeMarini et al., 1997; Santos and Snyder, 1997;
Ziman et al., 1998; Trilla et al., 1999). During cytokinesis in S. cerevisiae, a three-
layered septum is synthesized within the cell wall at the mother-daughter
junction. The primary septum consists primarily of chitin, which is synthesized by
chitin synthase ScChs2p, whereas the secondary septa, located on either side of
the primary septum, comprise the same polysaccharides as those found in the
mother cell wall (Shaw et al., 1991; Sburlati and Cabib, 1986). Cell separation in S.
cerevisiae, following cytokinesis, is facilitated by the action of the chitinase
ScCts1p. Cells deleted for ScCTS1 are unable to degrade the primary septum,
which leads to the formation of large aggregates of individual cells (Kurunda and
Robbins, 1991). In addition, a (1,3)-β-glucanase, ScEng1p, has also been identified
as being involved in cell separation in S. cerevisiae (Baladrón et al., 2002). We
assume that ScEng1p probably facilitates the hydrolysis of the mother cell wall
that surrounds the septum, the septum edging. Finally, chitin synthase ScChs1p
was identified as a cell-wall repair enzyme during cell separation, where it
functions by restoring the integrity of the site of cell division after excessive
degradation by chitinase ScCts1p (Cabib et al., 1989). 

During vegetative growth, S. pombe cells are rod shaped, and growth
occurs at the tips where new cell-wall material is deposited. The S. pombe cell wall
is composed of cell-wall proteins and a rigid polysaccharide layer, which consists
of galactomannan (9−14%), (1,3)-β-glucan (42−45%), and α-glucan (28%), and
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maintains cellular integrity. In contrast to S. cerevisiae, S. pombe appears to lack
chitin during vegetative growth. Although some glucosamine was observed in
hydrolyzed samples of cell walls of vegetatively grown cells from S. pombe strain
CBS356, it is unclear whether this glucosamine is actually present in the cell wall
in the form of chitin (Sietsma and Wessels, 1990). Also, by performing
monosaccharide analysis on whole cell-wall fractions from S. pombe strain 972, no
N-acetylglucosamine could be detected, suggesting that chitin may be absent from
the S. pombe cell wall during vegetative growth (Grün et al., 2005). However, two
S. pombe genes encoding putative chitin synthases are both actively expressed
during the S. pombe life cycle, suggesting that they are not pseudogenes. Indeed,
the chitin synthase SpChs1p has been shown to be essential for ascospore-wall
development during sporulation. During this process, SpChs1p is proposed to
synthesize chitin, which might be incorporated into the ascospore wall. The
function of SpChs2p remains unknown (Martín-García et al., 2003; Matsuo et al.,
2004; Martín-García and Valdivieso, 2006). SpChs2p shares 31% amino-acid
sequence identity with SpChs1p, but lacks the QRRRW motif, which is present in
characterized chitin synthases and appears to be essential for synthase activity
(Martín-García et al., 2003). S. pombe chs2+ was found to be cell cycle regulated with
highest expression observed during septation, where its gene product localized to
the septum region during cytokinesis. SpChr4p was recently identified to be
involved in correctly localizing SpChs2p, since chr4 overexpression in S. pombe
cells results in the mislocalization of SpChs2p intracellularly, whereas
overexpression leads to multiseptated cells (Matsuo et al., 2004). These data
indicate that SpChr4p may be involved in correctly localizing SpChs2p at the
septum during vegetative growth. Very recently, an interaction between SpChs2p
and the actomyosin ring protein Myo3p has been demonstrated, thereby revealing
a physical interaction between the plasma membrane and the actomyosin ring
(Martín-García and Valdivieso, 2006). These authors proposed that SpChs2p
might function as an anchor, linking the actomyosin ring with the SpChs2p-
containing plasma membrane, thereby strengthening the actomyosin ring
structure.

The presence of a homolog of the S. cerevisiae chitinase in the S. pombe
genome, SpCts1p, prompted us to study its role during vegetative growth in S.
pombe. We show that SpCts1p appears to be involved in cell separation and that
the cell-separation defect of cts1Δ cells is less severe than that of agn1Δ or eng1Δ
cells. Double deletion of cts1Δ and eng1Δ resulted in an additive cell-separation
defect suggesting that SpCts1p may fulfill a role in cell separation that is
functionally distinct from that of Eng1p. In contrast to S. pombe cts1
overexpression, overexpression of S. cerevisiae CTS1 in S. pombe cells showed a
strong growth defect, but this defect was found to be independent of its catalytic
activity. We propose a possible model for the function of S. pombe Cts1p during
cell separation.
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Materials and Methods

Strains, Culture Media, and Spotassays
E. coli strain DH5α was used for all plasmid isolations. Mutant S. pombe strains are
listed in Table I. For deletion, the open reading frame (ORF) of cts1+ (systematic
gene name, SPAPB1E7.04c) was deleted using a PCR-mediated strategy (Bähler et
al., 1998) with minor modifications described in Dekker et al. (2004). PCR analyses
were used to verify correct integration of the loxP-KanMX4-loxP cassette. agn1Δ
and eng1Δ strains were described previously (Dekker et al., 2004). Double deletion
mutants were generated by tetrad dissection, using a Nikon eclipse E400
microscope. S. pombe plasmid transformations were performed as described
(Akada et al., 2000) and YEA and EMMA medium were prepared as described
(Hochstenbach et al., 1998, Dekker et al., 2004). For spot assays, cells were grown
overnight in EMMA medium with addition of 10 μM thiamine. Subsequently, the
cells were washed to remove the thiamine. Four microliters of cells were spotted
in three serial 10-fold dilutions with a starting cell number of 2 × 104 cells and
grown on EMMA medium at 32°C for three days for nmt1-1 promoter induction
or on EMMA containing 10 μM thiamine for promoter repression. 

Table I. S. pombe strains used in this study

Strain* Genotype Plasmid description

ND001 h− agn1Δ::kanMX4 -

ND005 h− eng1Δ::kanMX4 -

ND009 h− cts1Δ::kanMX4 -

ND236 h− ura4-D18 [pND002] [pPnmt1-1-Spagn1]

ND238 h− ura4-D18 [pRep4] [empty plasmid]

ND307 h− cts1Δ::kanMX4 agn1Δ::kanMX4 -

ND311 h− cts1Δ::kanMX4 eng1Δ::kanMX4 -

ND375 h− ura4-D18 [pND004] [pPnmt1-1-ScCTS1]

ND376 h− ura4-D18 [pND008] [pPnmt1-1- Spcts1]

ND377 h− ura4-D18 [pND023] [pPnmt1-1- ScCTS1-E157Q]

ND378 h− ura4-D18 [pND024] [pPnmt1-1- ScCTS1-E157L]

ND379 h− ura4-D18 [pND026] [pPnmt1-1-HsCHIT]

ND380 h− ura4-D18 [pND028] [pPnmt1-1-HsCHIT-E140L]

ND381 h− ura4-D18 [pND032] [pPnmt1-1-Spcts1-1-924]

ND382 h− ura4-D18 [pND034] [pPnmt1-1-Spcts1-1-1800]

*All strains were constructed for this study, except strains ND001, ND005, and ND236 (Dekker et al., 2004)
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Generation of mutant strains
For cloning procedures, all polymerase chain reactions were performed using pfu
polymerase (Stratagene) or PhusionTM polymerase (Finnzymes) on genomic DNA
of wild-type S. pombe strain 972. Details on the primers are summarized in Table
II. For convenience of cloning, the multiple-cloning site (MCS) of S. pombe
expression plasmid pREP4 was altered to generate pAdH006 as described in
Chapter 5. All genes described in this study were cloned in pAdH006 and
expressed from the nmt1-1 promoter. For expression in S. pombe, the cts1 ORF was

Table II. Oligonucleotides used in this study

Primer Sequence Comments

ND083 5'-CTGGTTTTATTGTTTTTGGTTTATTTTCATTATTAGATATATTAACATTTTA       To generate cts1Δ::kanMX4 FW
ACTTATTATCACGCCTGCATAGCAAAGCATAGGCCACTAGTGGATCTG-3’

ND084 5'-AATTAAATACAAAGATAACAAATATATGTGCAATGATATAGACCAGCT       To generate cts1Δ::kanMX4 REV 
ATTAACAATGCGCATGTAGACTTTTTACCTCCAGCTGAAGCTTCGTACGCTG-3’

ND085 5'-CACCGAGCTGTTAATTGTGC-3’ To amplify cts1Δ::kanMX4 FW
ND086 5'-TTCTTCGGCACTTCTTTTGC-3’ To amplify cts1Δ::kanMX4 REV
ND187b 5'-ATGCGGTTAATATCTTCTTTAC-3’ To sequence Spcts1 FW 
ND188b 5'-TTCTAAGTCAAAACCGTCTAC-3’ To sequence Spcts1 REV
ND189 5'-GATGCATGGGTTGAGTATG-3’ To sequence Spcts1 FW
ND190 5'-GCTCTTAATCCAACTAGCTC-3’ To sequence Spcts1 FW
ND191 5'-CAGTATCAAAGTCAGTTTTGG-3’ To sequence Spcts1 REV
ND192 5'-CTCCACAAGGGTTCAAACC-3’ To sequence Spcts1 FW
ND193 5'-GAAGAGCTCAAAATCGATGA-3’ To sequence Spcts1 REV
ND194 5'-TCAAGTTCTATAATTTCTGGAT-3’ To sequence Spcts1 FW 
ND195 5'-ATGATGATACTAGAGTCGATG-3’ To sequence Spcts1 REV
ND196 5'-GCACTTACTCGGCAAGCC-3’ To sequence Spcts1 FW
ND197 5'-CTAGAGCTCAGGTATAAGC-3’ To sequence Spcts1 REV
ND198 5'-CCACTTCATTATCCACCAG-3’ To sequence Spcts1 FW
ND199 5'-AGCGAAGTTGACCCTTCAA-3’ To sequence Spcts1 FW
ND200 5'-CTTGGGGTATCAGTTGTGA-3’ To sequence Spcts1 REV
ND201 5'-CCTGGACAACTATTGACGG-3’ To sequence Spcts1 FW
ND202 5'-TGGTTGTTGCACTAGTATGG-3’ To sequence Spcts1 REV
ND208 5'-AGAGAGATCTATGCGGTTAATATCTTCTTTACTGCTG-3’ To amplify Spcts1 for pUC19 cloning (BglII site) FW
ND210 5'-AGAGCTCGAGTTAACTATGGCACTCCTTTACATCATTCTTCTA-3’ To amplify ScCTS1 FW
ND215 5'-GTTGGTCATCAAAATGGTTCCAACGGCTTCATCAGCCC-3’ To mutate Spcts1 BamHI restriction site (base A804T) FW
ND216 5'-CTTTGTCAATCTCTTCCTCTAGCACTTCCTCAACATTCTCG-3’ To mutate Spcts1 BamHI restriction site (base G1791T) FW
ND217 5'-CCTCAAGTTCTATAATTTCTGGTTCCTCTAGTATCCTTTCATCAAGC-3’ To mutate Spcts1 BamHI restriction site (base A1935T) FW
ND219 5'-AGAGGGATCCAGCGGCAGTGGTTGTTGCACTAG-3’ To amplify Spcts1 REV
ND223 5'-AGAGCTCGAGTTAACTATGGGGTTAATATCTTCTTTACTGCTG-3’ To amplify Spcts1 FW
ND232 5'-GAGAGAATTCTCAAGCGGCAGTGGTTGTTGCACT-3’ To amplify Spcts1 for pAdH002 cloning (EcoRI site) REV
ND235 5'-ACTCCTTTACATCATTCTTC-3’ To sequence ScCTS1 FW
ND236 5'-GACTCAGCAGTCGTTGATG-3’ To sequence ScCTS1 FW
ND237 5'-ATGCATCTCAAGCCTTTTCC-3’ To sequence ScCTS1 FW
ND238 5'-CATAGTTTCTTCGGCCCC-3’ To sequence ScCTS1 FW
ND239 5'-CGCCGTTTGTGATCATAGC-3’ To sequence ScCTS1 FW
ND240 5'-CAATATTTGTGTTAGCAGACC-3’ To sequence ScCTS1 REV
ND241 5'-GCAAAAGTTTCCGCTTGAG-3’ To sequence ScCTS1 REV
ND242 5'-ATTGTAAAATTGGATGAACGC-3’ To sequence ScCTS1REV
ND243 5'-CTTTTACTTTGTGTAGATGTCG-3’ To sequence ScCTS1 REV
ND244 5'-CTACCTGAGCTTGTACTGG-3’ To sequence ScCTS1 REV
ND246 5'-AGAGGGATCCAAAGTAATTGCTTTCCAAATAAGAGAAATT-3’ To amplify ScCTS1 REV
ND276 5'-GATGGTTTTGATTTTGATATTCAAAACAACAACGAAGTAGGCTATAG-3’ To generate ScCTS1 E157Q FW
ND277 5'-CTATAGCCTACTTCGTTGTTGTTTTGAATATCAAAATCAAAACCATC-3’ To generate ScCTS1 E157Q REV
ND278 5'-GATGGTTTTGATTTTGATATTCTTAACAACAACGAAGTAGGCTATAGTGC-3’  To generate ScCTS1 E157L FW
ND279 5'-GCACTATAGCCTACTTCGTTGTTGTTAAGAATATCAAAATCAAAACCATC-3’ To generate ScCTS1 E157L REV

ND283 5'-AGAGCTCGAGTTAACTATGGTGCGGTCTGTGGCCTGGG-3’ To amplify HsCHIT1 FW

ND285 5'-TCTCGGATCCCCCATTCAGTTCCTGCCGTAG-3’ To amplify HsCHIT1 REV

ND286b 5'-AGAGGGATCCGGAAGTGCTCGAGGAAGAGA-3’ To amplify Spcts1 1-924 REV

ND288 5'-AGAGGGATCCGGAAGTGCTCGAGGAAGAGA-3’ To amplify Spcts1 1-1800 REV
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first amplified using primers ND208 and ND232 and cloned into pAdH002, a
pUC19-based plasmid (Chapter 5). Subsequently, silent mutations to remove the
two BamHI enzyme restriction sites (base pairs 802−807 and 1933−1938) and an
XhoI site (base pairs 1788−1793) were generated using primers ND215, ND216,
and ND217, according to the QuickChangeTM Multi Site-Directed Mutagenesis
protocol (Stratagene). Finally, S. pombe cts1 was amplified from pAdH002-Spcts1
using primers ND219 and ND223 and cloned between the XhoI and BamHI sites
of pAdH006, generating pND008. For expression in S. pombe, all forward primers
contained the Kozak sequence including the start codon (5'-TTAACTATG) of the
highly expressed pma1+ gene, encoding the major plasma membrane H+-ATPase
(Boutry et al., 1984). For expression of two truncated versions of the S. pombe cts1
ORF, which both encode the putative catalytic domain of SpCts1p, primers ND223
and ND286b were used to amplify bases 1−924, whereas primers ND223 and
ND288 were used to amplify bases 1−1800. Both PCR products were cloned
between the XhoI and BamHI sites of pAdH006. To express ScCTS1 in S. pombe
cells, the ORF was amplified from genomic DNA of strain BY4741 (MATa his3-Δ1
leu2-Δ0 met15-Δ0 ura3-Δ0, EUROSCARF) using primers ND210 and ND246 and
cloned between the XhoI and BamHI sites of pAdH006, generating pND004. To
generate a catalytically inactive ScCts1p-E157Q enzyme, the ScCTS1 ORF was
cloned into pAdH002. To mutate the conserved Glu at position 157 to Gln or Leu,
primers ND276 and ND277 or ND278 and ND279 were used to change positions
468−470 into CAA or CTT, respectively, according to the QuickChangeTM Site-
Directed Mutagenesis protocol (Stratagene) (Figure 4A), and recloned between the
XhoI and BamHI sites of pAdH006, generating pND023 or pND024, respectively.
To express human chitotriosidase (39 kDa isoform) or a catalytically inactive
mutant of this enzyme (E140L), their ORFs were amplified from plasmid pGEM-
39wt or PGEM-39Lmut (Renkema et al., 1998), respectively, using primers ND283
and ND285, producing pND026 and pND028. All expressed ORFs were verified
by DNA sequencing, using a series of overlapping PCR amplification products
(BDT sequencing kit, Applied Biosystems).

Microscopy and sedimentation analysis 
For light microscopy, cells were grown overnight in EMMA medium at 28°C.
Subsequently, the cells were re-inoculated at an OD595 of ~0.2 and grown to
exponential phase (OD595 of ~0.5). Then, the cells were washed and stained with
0.5 mg/ml of calcofluor white (Fluostain I, Sigma F-0386) for 1 min. Finally, the
cells were washed, embedded in 2% (wt/vol) low-melting agarose, and
photographed using an Axiophot 2 microscope (Carl Zeiss) equipped with a
Coolsnap HQ digital camera (Photometrics). Image processing was performed
using RSimage software (Roper Scientific). Sedimentation analysis was performed
as described (Dekker et al., 2004). 
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Results

The S. pombe genome encodes a chitinase-like protein
To identify additional cell-separation hydrolases, we investigated cts1+, the gene
encoding a putative chitinase-like protein, for its role in cell separation.
Annotation of the S. pombe genome sequence showed that the cts1+ constitutes one
continuous open reading frame (ORF) encoding a polypeptide of 1236 amino
acids. A hydropathy profile of the SpCts1 polypeptide indicates a hydrophobic
region at the extreme amino terminus (amino acids 1−19), which is predicted to
function as a signal peptide for entry into the secretory pathway (Kyte and
Doolittle, 1982; Nielsen et al, 1997). This indicates that, similar to the other
characterized fungal chitinases, SpCts1p may be secreted (Figure 1A).
Furthermore, S. pombe cts1+ encodes an amino-terminal region (amino acids 1−308)
that shares strong amino-acid sequence identity with characterized fungal
chitinases of glycoside hydrolase family 18, GH-18, and a large carboxyl-terminal
domain (amino acids 309−1158), which is highly enriched for potential O-glycan
attachment sites (58% Ser and Thr residues) and contains seven potential N-glycan
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attachment sites (Figure 1A, upper panel). The catalytic residues of GH-18
chitinases have been inferred from amino-acid sequence alignments, and they
have been confirmed experimentally (Renkema et al., 1998). In contrast to
enzymatically active chitinases, which contain a conserved catalytic Glu that
functions as proton donor during chitin hydrolysis, SpCts1p bears an Asn at this
position (Figure 1B). These data indicate that, although SpCts1p shares strong
sequence similarities with GH-18 chitinases, it might not function as an active
chitinase.

To confirm experimentally that SpCts1p is secreted, we tagged the protein
at its carboxyl terminus and performed an immunoblot analysis on exponentially
growing cts1-myc cells. As a control, S. pombe cells expressing agn1-myc were
included. Agn1p-myc was detected both in total lysate and in the culture medium,
and resolved at an apparent molecular mass of ~76 kDa, which is in agreement
with the calculated mass of 67.4 kDa. By contrast, Cts1p-myc was not detectable
in total lysates, but corresponding culture medium revealed the presence of
Cts1p-myc, which revolved at apparent molecular mass of  >178 kDa. This mass
is much larger than the calculated molecular mass of 123.3 kDa (data not shown),
indicating that SpCts1p may indeed be heavily glycosylated.

Deletion of S. pombe cts1 leads to cell clumping 
To start investigating the cellular function of SpCts1p, we deleted the complete
ORF of cts1+ from the genome of S. pombe wild-type strain 972 and analyzed the
phenotype of the resulting deletion mutant by fluorescence microscopy. To this
end, we stained the cts1Δ cells with the fluorescent dye calcofluor white, which in
S. pombe specifically stains the primary septum and remnants thereof. cts1Δ cells
were viable, showing a typical cylindrical morphology similar to that of wild-type
cells (Figure 2A). In contrast to wild-type cells, cts1Δ cells formed small clumps of
cells that remained attached to each other (Figure 2A, arrows). To study the
clumping phenotypes, cts1Δ cells were compared to our previously described
agn1Δ and eng1Δ cells (Dekker et al., 2004; Martín-Cuadrado et al., 2003). Similar to
agn1Δ cells, cts1Δ cells also remained attached to a region near the tips, a region
containing remnants of cell wall that surrounds the septum, the septum edging
(Chapter 2; Alonso-Nuñez et al., 2005). These phenotypes of cts1Δ and agn1Δ cells
were clearly distinct from that of eng1Δ cells, which remained attached to
remnants of the primary septum, clearly visible by calcofluor white staining
(Figure 2A, arrowheads). 

Our observation that the clumping phenotype of cts1Δ cells was less
severe than that observed for agn1Δ or eng1Δ cells prompted us to compare the
phenotypes more quantitatively by using our sedimentation assay (Chapter 2).
Wild-type cells sedimented hardly during a 30-min time period (Figure 2B, Table
III), whereas agn1Δ or eng1Δ cells sedimented with intermediate velocities
(sedimentation indexes of 24 ± 1 and 25 ± 1, respectively). cts1Δ cells, however,
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Figure 2.  Cells deleted for cts1 show a mild clumping phenotype. (A) Along with wild-type cells (strain
972), cells of genotypes cts1Δ (strain ND009), agn1Δ (strain ND001), eng1Δ (strain ND005), cts1Δ eng1Δ (strain
ND311), or cts1Δ agn1Δ (strain ND307) were grown in EMMA medium to mid-exponential phase and
stained with calcofluor white to visualize septa. Note that cts1Δ cells remain attached via a small area near
the base of their tips (arrows), as opposed to attachment via remnants of the primary septum, observed for
eng1Δ cells (arrowheads). Bar, 10 μm. (B) Sedimentation analysis of strains of S. pombe cells depicted in (A).
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sedimented to some degree (Figure 2B), but a 50% decrease in OD595 of the culture
was not reached within 30 min (sedimentation index >30). This finding confirms
that the clumping phenotype of cts1Δ cells is milder than of agn1Δ cells. 

Given that the morphology of cts1Δ cells is similar to that of agn1Δ cells,
we investigated whether their functions are redundant. To this end, we compared
the cellular morphologies of cts1Δ agn1Δ double deletion cells with cts1Δ or agn1Δ
single deletion cells. Although the morphology of cts1Δ agn1Δ cells resembled that
of cts1Δ cells, on average, double deletion cells contained more cells per chain of
cells (Figure 2). However, no additional difference was observed between cts1Δ
agn1Δ cells and agn1Δ cells using fluorescence microscopy and their clumping
phenotypes appeared similar (Figure 2, compare cts1Δ agn1Δ with agn1Δ). 
Hence, we performed sedimentation analyses on these cells. The differences in
sedimentation index between cts1Δ agn1Δ and agn1Δ cells were marginal (Table
III). To test whether the (1,3)-β-glucanase Eng1p fulfills a non-overlapping
function in cell separation from that of Cts1p, we compared the cellular
morphologies of mutants with single or double deletions of cts1 and eng1.
Although the morphology of cts1Δ eng1Δ cells resembled that of eng1Δ cells, based
on sedimentation analysis, the clumps of cts1Δ eng1Δ cells were on average
significantly larger than those of either single mutant (Figure 2B, Table III). Unlike
agn1Δ eng1Δ cells, however, redirected apical growth to the side of the septum,
branching, was never observed in cts1Δ eng1Δ cells (Chapter 2, Figure 3). Together,
these data show that SpCts1p plays a role in cell separation, but its role appears
minor under the conditions used. Furthermore, SpCts1p function in cell
separation may be partially overlapping with that of SpAgn1p but not with that of
SpEng1p, indicating that SpCts1p may contribute to septum-edging hydrolysis,
either directly by hydrolysis of an unknown cell-wall component or indirectly by
facilitating the function of a septum-edging hydrolase through an unknown
mechanism.

Table III. Sedimentation analysis of mutants with a clumping phenotype

Genotypea Strain Sedimentation timeb

80% of 50% of
initial OD595 initial OD595

wild type 972 >30 >30
cts1Δ ND009 29 ± 1 >30
agn1Δ ND001 19 ± 1 25 ± 1
eng1Δ ND005 20 ± 1 26 ± 1
cts1Δ eng1Δ ND311 16 ± 1 21 ± 1
cts1Δ agn1Δ ND307 18 ± 1 24 ± 1
a Complete genotypes are shown in Table I. 
bSedimentation times (min) are the times required for the OD595 of the individual cultures to decrease to 80% or 50%

of their initial values and are the mean ± SD of three individual experiments.
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Overexpression of S. cerevisiae CTS1, but not S. pombe cts1 leads to cell lysis in
S. pombe independent of catalytic activity
To further explore a putative function of S. pombe cts1+, we overexpressed its entire
ORF (amino acids 1−1236), the basic catalytic domain (amino acids 1−312), or the
catalytic domain with a short Ser and Thr-rich carboxyl-terminal tail (amino acids
1−604), using the strong nmt1-1 promoter. Upon overexpression, no apparent
morphological abnormalities were observed as compared to wild-type cells, nor
did overexpression interfere with cell growth on solid growth medium (Figure 3
and 4B, data not shown). These data indicate that overexpression of the chitinase-
like domain does not interfere with the cellular function of the endogenous
SpCts1p.

Presently, it is not clear whether chitin is present in small amounts in the
cell wall of vegetatively growing S. pombe cells. To determine whether
overexpression of chitinases known to be catalytically active would generate a
phenotype in S. pombe, we overexpressed the characterized human chitinase
Chit1p, and the chitinase Cts1p from S. cerevisiae. Interestingly, unlike
overexpression of HsChit1p, overexpression of ScCts1p resulted in a strong
growth inhibition on solid growth medium (Figure 3, HIGH), whereas repression
of ScCts1p did not (Figure 3, LOW). A similar inhibition of growth is also
observed upon overexpression of S. pombe agn1 from the strong nmt1-1 promoter
(Figure 3). However, in contrast to SpAgn1p overexpression, overexpression of
ScCts1p led to lysis of the S. pombe cells (14% lysis compared to 0.5% lysis in
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Figure 3. Overexpression of ScCts1p in
S. pombe cells leads to strong growth
inhibition. Cells of two independent
transformants overexpressing an empty
plasmid (strain ND238), SpAgn1p (strain
ND236), ScCts1p (strain ND375), or
SpCts1p (strain ND376) were spotted in
10-fold serial dilutions on EMMA plates
with (low expression; +T) or without
(high expression; −T) addition of
thiamine. Note that, in contrast to
SpCts1p, overexpression of SpAgn1p and
ScCts1p  leads to growth inhibition.
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control cells), a phenotype hardly ever observed for SpAgn1p overexpressing cells
(data not shown).

To determine whether the cell-lysis phenotype caused by ScCts1p
overexpression was caused by the enzymatic function of ScCts1p, we mutated the
conserved catalytic residue Glu-157 either to Gln or Leu (Figure 4A) and
overexpressed the resulting mutants in wild-type S. pombe cells (Figure 4B). For
the human chitotriosidase, these mutations have been shown to totally inactivate
chitinase activity (Renkema et al., 1998) (Figure 4A). Unexpectedly, overexpression
of either the ScCts1p-E157Q or the ScCts1p-E157L mutant proteins also caused
growth inhibition of S. pombe cells, showing that the introduction of these
mutations failed to reduce the cell-lysis phenotype. These results may be

153

6 
A

 P
re

lim
in

ar
y 

St
ud

y 
on

 th
e 

R
ol

e 
of

 C
ts

1p
 in

 C
el

l S
ep

ar
at

io
n

E140L

E157Q
E157L

− C
ts

1p
 1

-3
08

C
ts

1p

C
ts

1p
 1

-6
00

C
ts

1p
-E

15
7L

C
ts

1p
-E

15
7Q

C
hi

t1
p

C
hi

t1
p-

E
14

0L

C
ts

1p
 

S. pombe       S. cerevisiae   H. sapiens

HIGH

LOW

104

103

102

101

104

103

102

101

GFDFDIE
GFDFDIL
GFDFDI
GLDLDWE
GLDLDW

L
Q

L

ScCts1p

 HcChit1p wt

wtA

B

(−T)

(+T)

Figure 4. Overexpression of ScCts1p in S. pombe leads to strong growth inhibition, independent on catalytic
activity. (A) Mutations to inactivate the chitinase generated in ScCts1p and human Chit1p. (B) Four microliters
of cells overexpressing an empty plasmid (strain ND238), SpCts1p (strain ND376), SpCts1p 1−308 (strain
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interpreted as follows. Mutagenesis of the conserved glutamic acid E157 may not
have led to a complete inhibition of ScCts1p activity and the residual chitinase
activity may have been sufficient for effective hydrolysis of a crucial cell-wall
component. This explanation, however, does not explain why overexpression of
the active chitinase HsChit1p does not result in cell lysis. Alternatively, it is
possible that the cell-lysis phenotype caused by ScCts1p overexpression was not
the result of chitinase activity, but of some other, unknown, property of ScCts1p
that interferes with S. pombe metabolism. Interestingly, ScCts1p contains a chitin-
binding domain, which is absent from SpCts1p as well as HsChit1p. Further
investigations are required to elucidate the precise cause of ScCts1p-induced cell
lysis.

Discussion

Here we initiate an investigation into the role of the chitinase-like protein Cts1p in
S. pombe. We characterize SpCts1p as a secreted multi-domain protein with an
amino-terminal domain that shows strong sequence similarity to GH-18
chitinases, but that lacks a heavily conserved catalytic residue (Figure 1). In
addition, SpCts1p contains a large carboxyl-terminal domain, rich in serine and
threonine residues, which might be heavily glycosylated. Indeed, also for the S.
cerevisiae and Kluyveromyces lactis chitinases it was noted that they are highly
glycosylated, because their apparent molecular masses in SDS-PAGE were much
larger than their calculated masses (130 versus 60 kDa and 85 versus 56 kDa,
respectively). For ScCts1p this has been attributed to O-mannosylation of its serine
and threonine-rich region (Kurunda and Robbins, 1991; Colussi et al., 2005). We
show that besides the hydrolases SpAgn1p and SpEng1p, SpCts1p is involved in
cell separation, but its role in this process appears to be a minor one (Figure 2). The
fact that also the SpCts1p homologs in S. cerevisiae, ScCts1p, Candida albicans,
CaCht3p, and K. lactis, KlCts1p, are all involved in the cell-separation process
(Kurunda and Robbins, 1991; Dünkler et al., 2005; Colussi et al., 2005) is consistent
with our results. Comparison of the deletion phenotypes by fluorescence
microscopy and sedimentation analyses clearly indicate that SpCts1p fulfills a
function similar to that of SpAgn1p, but that SpCts1p and SpEng1p functions are
non-overlapping (Figure 2B). Remarkably, overexpression of S. cerevisiae Cts1p in
S. pombe cells results in a strong inhibitory effect on growth, which however is
likely to be independent of chitinase activity (Figure 3, 4). 

Importantly, genes encoding chitin synthases have been conserved in S.
pombe, and at least one, chs1+, which is expressed during sporulation, functions
during spore development (Arellano et al., 2000). By contrast, chs2+ is expressed
during septation and specifically localizes to the growing septum. Overexpression
of S. pombe chs2 leads to aberrant septation, suggesting an active role for SpChs2p
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in cell division. However, this role appears not to involve the synthesis of chitin,
because SpChs2p lacks a motif present in all active chitin synthases. Recently, it
has been demonstrated that SpChs2p might function as an anchor, linking the
plasma membrane to the actomyosin ring, by binding to the actomyosin-ring
component Myo3p (Martín-García and Valdivieso, 2006). In addition to SpChs2p,
a putative regulator of chitin synthase activity, SpChr4p, has also been identified
in S. pombe. Its homolog in S. cerevisiae, ScChs4p, directly regulates chitin synthase
ScChs3p activity and is involved in correctly localizing ScChs3p to the plasma
membrane, where it deposits chitin to mark the site of bud emergence (Ono et al.,
2000; Demarini et al., 1997; Trilla et al., 1997). This chitin cooperates with the
septins to keep the mother-bud neck constricted throughout the cell cycle. Loss of
septin function together with loss of the chitin ring led to enlargement of the
mother-bud neck, finally leading to cell lysis (Schmidt et al., 2003). 

At present, the precise functions of the chitin synthase-like protein
SpChs2p and the chitinase-like protein SpCts1p remain to be established.  Both
proteins appear to be catalytically inactive in S. pombe, but they have
enzymatically active homologs in other fungi, such as S. cerevisiae. Furthermore,
deletion of the gene encoding SpCts1p showed a clumping phenotype, whereas
overexpression of SpChs2p resulted in multiseptated cells, indicating that both
proteins play a role in the final stages of cell division. SpChs2p appears to function
as an anchor, tethering the cytoplasmic actomyosin ring to the plasma membrane
(Martín-García and Valdivieso, 2006). It is not inconceivable that SpCts1p might
also function as an anchor. SpCts1p lacks a highly conserved Glu, which fulfills a
catalytic function in the characterized human chitinase Chit1p (Renkema et al.,
1998). Also two other members of family GH-18 are known to lack the highly
conserved Glu at this position, the human cartilage glycoprotein Hcgp-39 and the
mouse protein Ym1p. Both proteins are secreted by macrophages during
inflammation, but their precise physiological roles are unknown. Importantly,
they lack enzymatic activity but remain able to bind chitin efficiently (Hakala et
al., 1993; Chang et al., 2001). Similarily, SpCts1p might function as a lectin and bind
chitin, if present, or a chitin-like molecule. Also, the extended carboxyl-terminal
domain of SpCts1p appears heavily glycosylated and may form an extended rod-
like structure. In other words, SpCts1p might function as an anchor or landmark,
perhaps linking chitin or a chitin-like molecule to the cell wall. Further studies will
be required to elucidate the individual functions of SpChs2p and SpCts1p and
establish whether a functional link exists between them to allow cytokinesis and
cell separation to proceed efficiently.
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Abstract

The cell wall is important for the maintenance of structural integrity and
morphology of fungal cells. Besides β-glucan and chitin, α-glucan is a major
polysaccharide in the cell wall of many fungi. In the fission yeast
Schizosaccharomyces pombe, cell-wall α-glucan is an essential component, consisting
mainly of (1,3)-α-glucan with some ten percent of (1,4)-linked α-glucose residues.
The multidomain protein Ags1p is required for α-glucan biosynthesis, and is
conserved among cell wall α-glucan-containing fungi. One of its domains shares
amino-acid sequence motifs with (1,4)-α-glucan synthases, such as bacterial
glycogen synthases and plant starch synthases. Whether Ags1p is involved in the
synthesis of the (1,4)-α-glucan constituent of cell-wall α-glucan had remained
unclear. Here, we show that overexpression of Ags1p in S. pombe cells results in
accumulation of (1,4)-α-glucan. To determine whether the synthase domain of
Ags1p is responsible for this activity, we overexpressed Ags1p-E1526A, which
carries a mutation in a putative catalytic residue of the synthase domain, but
observed no accumulation of (1,4)-α-glucan. Compared to wild-type Ags1p, this
mutant Ags1 protein showed a markedly-reduced ability to complement the cell
lysis phenotype of the temperature-sensitive ags1-1 mutant. We conclude
therefore that in S. pombe the production of (1,4)-α-glucan by the synthase domain
of Ags1p is an essential step in the biosynthesis of cell-wall α-glucan.
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Introduction

Distinct plasma membrane-localized synthases are responsible for the production
of structural polysaccharides in the fungal cell wall, mostly (1,3)-β-glucan, chitin,
and α-glucan. (1,3)-β-Glucan and chitin synthases were identified first in the
budding yeast Saccharomyces cerevisiae (Douglas et al., 1994, Bulawa et al., 1986) as
integral membrane proteins with multiple transmembrane regions and a large
cytoplasmic domain, which may be responsible for catalytic activity (Dijkgraaf et
al., 2002; Nagahashi et al., 1995; Cos et al., 1998). Given that cell-wall
polysaccharides are absent from humans but crucial for maintaining morphology
and structural integrity of fungal cells, inhibitors of the synthases may function as
antifungal drugs. For example, caspofungin is a (1,3)-β-glucan synthase inhibitor
proven to be effective against many fungi and also safe and well-tolerated in
humans (Kartsonis et al., 2003). With regard to the α-glucan synthase, much less is
known, because no biochemical assays are available to measure its activity in vitro.
Also, no inhibitors targeting this enzyme have been developed.

The α-glucan synthase Ags1p was identified in the fission yeast
Schizosaccharomyces pombe using a temperature-sensitive (ts) mutant strain, ags1-
1ts, whose cells lyse at the restrictive temperature due to a weakened cell wall
unable to withstand internal osmotic pressure (Hochstenbach et al., 1998). These
observations showed that cell-wall α-glucan is an essential component of the S.
pombe cell wall. Ags1p is a multidomain protein with two probable catalytic
domains predicted to reside at opposite sides of the plasma membrane, as well as
a multipass transmembrane domain. This overall domain structure of Ags1p is
conserved among the four Ags1p homologs of S. pombe, Mok11p, Mok12p,
Mok13p, and (partly) Mok14p, whose genes are expressed during sporulation
(Katayama et al., 1999). Importantly, this domain structure is also well conserved
among Ags1p homologs in other cell wall α-glucan-containing fungi, such as
several human fungal pathogens in which cell-wall α-glucan accounts for ~35% of
total cell-wall polysaccharides. The genome of the filamentous fungus Aspergillus
fumigatus contains three AGS genes, of which AGS1 and AGS3 appear to be
directly involved in cell-wall α-glucan biosynthesis (Beauvais et al., 2005; Maubon
et al., 2006). For the thermally dimorphic fungus Histoplasma capsulatum, the
virulent yeast form contains substantial levels of cell-wall α-glucan and targeting
of its sole AGS gene by RNA interference demonstrated directly that cell-wall α-
glucan is important for virulence of this pathogen (Rappleye et al., 2004). In the
opportunistic yeast Cryptococcus neoformans, inhibition of expression of its sole
AGS gene gave rise to acapsular cells, indicating that cell wall α-glucan plays a
role in anchoring the capsule, a critical virulence factor for this pathogen (Reese
and Doering et al., 2003).

Glycogen and starch synthases are glycosyltransferases that catalyze the
formation of a (1,4)-α-glucosidic bond and transfer the α-glucose moiety from
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UDP-glucose or ADP-glucose to the non-reducing end of a pre-existing (1,4)-α-
glucan primer. Based on amino-acid sequence similarities, these synthases have
been divided into two families, family 3 of glycosyltransferases (GT-3, with
animal and fungal glycogen synthases) and family 5 of glycosyltransferases (GT-
5, with archaeal and bacterial glycogen synthases and plant starch synthases)
(Coutinho et al., 2003). Although these two families display only marginal
sequence similarities, they appear to share certain structural and catalytic features
(Cid et al., 2002). The recently reported crystal structures of the glycogen synthase
(GlgA) of the bacterium Agrobacterium tumefaciens (Bussciazzo et al., 2004) and the
archaeon Pyrococcus abyssi (Horcajada et al., 2006) provide a basis for our
understanding of the catalytic mechanism of these synthases. Both the amino-
terminal and carboxyl-terminal halves fold into a subdomain with a Rossmann-
type fold, a classical structural motif characterized by a central β-sheet flanked by
several α-helices. These subdomains are connected by a narrow hinge, creating a
deep and wide central cleft between them. The authors proposed that, upon
substrate binding, this cleft may close, bringing the nucleotide-glucose-binding
motif Lys/Arg-X-Gly-Gly (Furukawa et al., 1993) on the amino-terminal side of
the cleft in close proximity to the catalytic motif Glu-X7-Glu (Cid et al., 2000) on the
carboxyl-terminal side to create a functional active center (Bussciazzo et al., 2004;
Horcajada et al., 2006).

In the present study, we focus on the role of the putative intracellular
domain of the S. pombe Ags1p, denoted here as the SYN domain. Our recent
observations that cell-wall α-glucan from S. pombe consists of ~10% (1,4)-linked α-
glucose residues (Grün et al., 2004) prompted us to investigate whether the SYN
domain is involved in the synthesis of this cell-wall α-glucan constituent. Here, we
show that fungal Ags1-SYN domains share several sequence motifs with GT-3 and
GT-5 enzymes, including the Glu-X7-Glu motif whose first Glu is a highly
conserved catalytic residue. Furthermore, we show that (1,4)-α-glucan
accumulates in S. pombe cells overexpressing wild-type Ags1p, but not in S. pombe
cells overexpressing an Ags1 protein, Ags1p-E1526A, whose predicted catalytic
residue is mutated. Together, our data demonstrate that the S. pombe Ags1-SYN
domain is involved in cell-wall α-glucan biosynthesis by producing (1,4)-α-
glucan.

Materials and Methods

Strains and Culture Media
E. coli strain DH5α (GibcoBRL) was used for all plasmid isolations. The kanMX6-
3nmt1 cassette (Bähler et al., 1998) was integrated in front of the ags1 or mok11 open
reading frames (ORFs) at their chromosomal locations in S. pombe wild-type strain
972. S. pombe plasmid transformations were performed using strains with
genotypes h− ura4-D18 or h− ags1-1ts ura4-D18 using a lithium acetate method (Ito
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et al., 1983). Cells were grown in EMM2 medium (Moreno et al., 1991)
supplemented with 250 mg/l of adenine sulfate (EMMA). Following plasmid
transformation, expression of cloned genes was repressed by growing the cells on
EMMA plates supplemented with 100 μM of thiamine at 28°C (or at 21°C for ags1-
1ts strains) for 3−5 days. For overexpression experiments, cells were grown
overnight at 28°C in EMMA medium containing 10 mM of thiamine, washed
twice in EMMA medium (which lacks thiamine), and grown at 28°C in EMMA
medium for 6−24 h.

Table I. S. pombe strains used in this study

Straina Genotype

972 h−

AV027 h− ura4-D18 [pREP4]
AV028 h− ura4-D18 [pAV011]
AV035 h− ura4-D18[pAV031]
AV037 h− ura4-D18 [pAV035]
AV038 h− ura4-D18 [pAV036]
AV039 h− ura4-D18 [pAV037]
AV040 h− ura4-D18 [pAV038]
AV042 h− ura4-D18 [pAV040]
AV059 h− ags1-1ts ura4-D18 [pREP4]
AV060 h− ags1-1ts ura4-D18 [pAV011]
AV062 h− ags1-1ts ura4-D18 [pAV035]
AV063 h− ags1-1ts ura4-D18 [pAV036]
AV064 h− ags1-1ts ura4-D18 [pAV037]
AV065 h− ags1-1ts ura4-D18 [pAV038]
AV066 h− ags1-1ts ura4-D18 [pAV040]
AV069 h− ura4-D18 [pAV066]
AV116 h− ura4-D18 [pAV111]
AV117 h− ura4-D18 [pAV112]
BS006 h− ura4-D18 [pBS010]

FH021 h− ags1-1ts

ND025 h− ags1::Pnmt1-kanMX6
ND032 h− mok11::Pnmt1-kanMX6

aAll strains were constructed for this study, except strain 972 (P. Nurse, Rockefeller University, New York) and strain
FH021 (Hochstenbach et al., 1998)

TABLE II. Plasmids used in this study

Numbera Name Description

pREP4 S. pombe expression plasmid
pAV011 pags1 pREP4 with ags1
pAV031 pags1-DSYN pAV011 with ags1-Δ(2628-5068)
pAV035 pags1-K1163Q pAV011 with ags1-A3487C
pAV036 pags1-G1165A pAV011 with ags1-G3494C
pAV037 pags1-E1526A pAV011 with ags1-A4577C, G4578T
pAV038 pags1-E1534A pAV011 with ags1-A4601C
pAV040 pags1-K1422Q pAV011 with ags1-A4264C
pAV066 pGlgA pREP4 with A. tumefaciens glgA
pAV111 pGsy2 pREP4 with S. cerevisiae GSY2
pAV112 pGsy2-Δ643 pREP4 with S. cerevisiae GSY2 (1-1929)
pBS010 pags1-ΔTGL pAV011 with ags1-Δ(337-2172)

aAll plasmids were constructed for this study, except pREP4 (Maundrell, 1993)
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Sequence Alignments, Phylogenetic Analyses, and Secondary Structure
Prediction
Amino acid sequences used in this study are listed in Supplementary Table S1.
Sequencing projects used to obtain protein sequences were the Fungal Genome
Initiative, Broad Institute of Harvard and MIT (http://www.broad.mit.edu); the
U. S. Department of Energy Joint Genome Institute (http://www.jgi.doe.gov/);
The Institute for Genomic Research (http://www.tigr.org); and, Genoscope
(http://www.genoscope.cns.fr). The 79 selected sequences were aligned using the
algorithms T-Coffee (Notredame et al., 2000) or CLUSTAL W (Thompson et al.,
1994). The resulting multiple sequence alignments showed only minor differences
between them, and the T-COFFEE alignment was chosen for phylogeny
reconstruction based on the number of identities and conserved residues
(Supplementary Figure S1). After removal of all positions containing gaps in more
than 50% of the sequences using the program LISTPOS (J. A. M. Leunissen,
unpublished), phylogenetic relationships were reconstructed by using the
neighbor-joining method (Saitou and Nei, 1987), as well as using fitch (Fitch and
Margoliash, 1967), tree-puzzle (Strimmer and Haeseler, 1996), or Bayesian
(Ronquist and Huelsenbeck, 2003) analyses. For the neighbor-joining and fitch
methods, the programs NEIGHBOR and FITCH from the PHYLIP package
(Felsenstein, 2002) were used, respectively, and the distance matrices for these
methods were calculated with the program PROTDIST using the Jones-Taylor-
Thornton model. Tree-puzzle calculations were performed by using the program
TREE-PUZZLE and Bayesian analysis was performed by using the program
MrBAYES for 1,000,000 generations, using a mixed model. The unrooted trees
were rooted by the midpoint method using the program RETREE from the
PHYLIP package and the resulting rooted trees were converted to Scalable Vector
Graphics format using SVGTREE (Alako et al., 2006). Neighbor-joining
bootstrapping was performed by generating 1,000 random bootstrap samples
with the programs SEQBOOT, PROTDIST, and NEIGHBOR; trees generated from
these samples were analyzed using the extended majority consensus method as
implemented in the program CONSENSE from the PHYLIP package. To calculate
the percentage of identities in pairwise amino acid sequence alignments, the
program GAP from the Wisconsin Package, version 10.3, (Accelrys, San Diego,
CA) was used. Secondary structure predictions resulted from the program
PSIPRED, version 2.5 (McGuffin et al., 2000).

Construction of Plasmids
All PCR amplification reactions were performed using Phusion™ (Finnzymes)
polymerase. Primers used in this study are listed in Supplementary Table S2. The
ORF of ags1+ (GenBank accession number AF061180) was cloned between the
MluNI and BamHI restriction enzyme sites of pREP4 (Maundrell, 1993), using 3
fragments generated by PCR and 2 fragments subcloned from cosmid c17A7.

162

Proefschrift N.Dekker_U.qxp  30-10-2006  15:42  Page 162



Then, the SmaI site in the multiple cloning site of the resulting plasmid was
removed, producing pAV011. The ORF of the A. tumefaciens glycogen synthase
gene was amplified in a PCR using primers AV098A and AV099A from plasmid
pBG19 kindly provided by R. Ugalde (Ugalde et al., 2003), whereas the ORFs of the
S. cerevisiae glycogen synthase gene GSY2 or its hyperactive version were
amplified from genomic DNA of S. cerevisiae strain BY4741 using primers AV171
and AV172 or AV171 and AV173, respectively; and, these ORFs were cloned
between the XhoI and BglII sites of the pREP4-based vector pAdH006 (Chapter 5),
generating pAV066, pAV111, or pAV112, respectively. To create the ΔTGL or
ΔSYN constructs, the fragments between the XhoI-SpeI or SmaI-SalI sites in
pAV011 were replaced individually by the hybridization products of primers
BS013 and BS014 or AV078 and AV079, producing pBS010 or pAV031,
respectively. To introduce defined mutations in the gene fragment encoding the
SYN domain, the SmaI-SalI fragment was cloned into the pUC18 vector and

Supplementary Table SII. Primers used in this study

Primer Sequence Purpose

AV041 5'−CGATTGGAAAATTCGCATCCAAATTGGTGGACTTGGTG−3' To mutate ags1, K1163Q; FW
AV042 5'−CACCAAGTCCACCAATTTGGATGCGAATTTTCCAATCG−3' To mutate ags1, K1163Q; REV
AV043 5'−GGAAAATTCGCATCAAAATTGCTGGACTTGGTGTTATGG−3' To mutate ags1, G1165A; FW
AV044 5'−CCATAACACCAAGTCCAGCAATTTTGATGCGAATTTTCC−3' To mutate ags1, G1165A; REV
AV045 5'−GCTTTGATTCCTAGTAGAGATGCTCCTTTTGGTTTAGTCGC−3' To mutate ags1, E1526A; FW
AV046 5'−GCGACTAAACCAAAAGGAGCATCTCTACTAGGAATCAAAGC−3' To mutate ags1, E1526A; REV
AV047 5'−GGTTTAGTCGCTGTTGCATTTGGACGTAAGGG−3'          To mutate ags1, E1534A; FW
AV048 5'−CCCTTACGTCCAAATGCAACAGCGACTAAACC−3' To mutate ags1, E1534A; REV
AV051 5'−GCAAGGTTGAACACCAGCGATTAGCTCAAGAATGG−3' To mutate ags1, K1422Q; FW
AV052 5'−CCATTCTTGAGCTAATCGCTGGTGTTCAACCTTGC−3' To mutate ags1, K1422Q; REV
AV076 5'−TCGAGCAAAAGTTGATTTCCGAGGAGGACTTGGCCATGGGCCC−3' To delete XhoI-SmaI fragment of ags1; FW
AV077 5'−GGGCCCATGGCCAAGTCCTCCTCGGAAATCAACTTTTGC−3' To delete XhoI-SmaI fragment of ags1; REV
AV078 5'−GGGTCAAAAGTTGATTTCCGAGGAGGACTTGGGATCCAG−3' To delete SmaI-SalI fragment of ags1; FW
AV079 5'−TCGACTGGATCCCAAGTCCTCCTCGGAAATCAACTTTTGACCC−3' To delete SmaI-SalI fragment of ags1; REV
AV098A 5'−AGAGACTCGAGTTAACTATGAATGTCCTTTCGGTTTCATCC−3' To amplify A. tumefaciens glgA; FW
AV099A 5'−TCTCTAGATCTTTAATGGCCTTTCGAAATAAGCTGGCT−3' To amplify A. tumefaciens glgA; REV
AV171 5'−AGAGACTCGAGTTAACTATGTCCCGTGACCTACAAAAC−3' To amplify S. cerevisiae GSY2 and GSY2-D643; FW
AV172 5'−AGAGAAGATCTTTAACTGTCATCAGCATATGGG−3' To amplify S. cerevisiae GSY2; REV
AV173 5'−AGAGAAGATCTTTATTTCTTTCCGCCTGCTAAAGC−3' To amplify S. cerevisiae GSY2-D643; REV
BS013 5'−TCGAGGAGCAAAAGTTGATTTCCGAGGAGGACTTGAACGGATCCA−3' To delete XhoI/SpeI fragment of ags1; FW
BS014 5'−CTAGTGGATCCGTTCAAGTCCTCCTCGGAAATCAACTTTTGCTCC−3' To delete XhoI/SpeI fragment of ags1; REV
ND112 5'−ATCTTTTGTGCTCCTATCAAATTTGTTAAAATCTTTTTACTTTTTCAACTA−3'        To integrate Pnmt1-1 in front of mok11; FW

TTTAACTAGATTTTTACACTTAGGGATGAATTCGAGCTCGTTTAACTG−3'
ND113 5'−ATTGAAAGGAGCGCACCAAGCATGTTTGTCAAGTATAACAATATACAAAA−3'  To integrate Pnmt1-1 in front of mok11; REV

AGAAAGAAACAACAAGAGGGTACGCCATGATTTAACAAAGCGACTATAAG−3'
ND138 5'−TCTCTCGTTTACATCCTCATTTTATTTTTTTATCTTTTTGCCGTACGTACAGCT−3'  To integrate Pnmt1-1 in front of ags1; FW

AGTCACATTTATTGAGTCTTTCTTGAATTCGAGCTCGTTTAAACTG−3'
ND139 5'−AGCAAATACGGAATGAAAAAGAAGAAGTGCTAAAGCAATAACAGCTCTT−3'   To integrate Pnmt1-1 in front of ags1; REV

CTAAAACATAACCCTTGAAGACCATGCATGATTTAACAAAGCGACTATAAG−3'
SE003 5'−CCATGCATGGTCTTCAAGG−3' To amplify ags1 (step 1); FW
SE004 5'−GGGGTACCTTCAAGATAATCCAATG−3' To amplify ags1 (step 1); REV
SE007 5'−GGGGTACCTCTCAAGTCTGTCC−3' To amplify ags1 (step 2); FW
SE008 5'−CTGGTCGACCCATTCGCCAGAGGG−3' To amplify ags1 (step 2); REV
RS054 5'−CCGATTTATTCTATTTTCCT−3' To amplify ags1 (step 3); FW
SE016 5'−CGGGATCCTAAGGACGACTAAGG−3' To amplify ags1 (step 3); REV
AV071 5'−GATCCTGAAGCTTGTGAGCTCATGGATCCA−3' To mutate pREP4 SmaI site following cloning of ags1; FW
AV073 5'−TGGATCCATGAGCTCACAAGCTTCAG−3' To mutate pREP4 SmaI site following cloning of ags1; REV

mutagenesis was performed according to the QuickChange™ site-directed
mutagenesis protocol (Stratagene) using primers AV041 and AV042 (Lys-1163),
AV043 and AV044 (Gly-1165), AV045 and AV046 (Glu-1526), AV047 and AV048
(Glu-1534), or AV051 and AV052 (Lys-1422). The mutated SmaI-SalI fragments
were transferred to pAV031, generating pAV035, pAV036, pAV037, pAV038, or
pAV040, respectively. All constructs used in this study were sequenced in both
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directions by using a series of overlapping PCR amplification products (BDT
sequencing kit, Applied Biosystems).

Plate-based Assay for (1,4)-α-Glucan Accumulation
Cells were grown in EMMA medium containing 10 μM of thiamine at 28°C to an
optical density at 595-nm wavelength (OD595) of 1.0−1.5, washed and taken up in
MQ-H2O to a final concentration of 2.5 × 107 cells per ml. Four microliters of cell
suspension (1 × 105 cells) were spotted onto EMMA plates supplemented with or
without addition of 10 μM of thiamine. Plates were incubated at 28°C for 3 days
and exposed to iodine vapor for 4 min.

(1,4)-α-Glucan Determination
Cells (109) were taken up in 5 mM sodium azide, 20 mM Tris-HCl, pH 7.6, broken
with acid-washed glass beads using a Fastprep 120 (Bio101) at speed 6 for 5
intervals of 15 sec, and centrifuged at 16,000 × g at 4°C for 10 min. Cell pellets were
resuspended in 2% (w/v) SDS, 100 mM EDTA, 20 mM DTT, 50 mM Tris, pH 7.6,
boiled for 10 min, and centrifuged again. Resulting pellets were washed twice in
MQ-H2O and once in 10 mM sodium acetate, pH 5.6, and were divided equally
over 4 fractions. Fractions were resuspended in 200 μl 10 mM sodium acetate, pH
5.6, and incubated at 37°C for 2.5 h, following addition of 1.8 U α-amylase (Roche;
102814) and 6.0 mU glucoamylase (Roche; 1202332), 0.1 U zymolyase-100T
(Seikagaku; 120493), all three enzymes, or buffer only. In a control experiment, we
confirmed that the amount of enzyme added was sufficient for a complete
digestion. After digestion, supernatants were collected and the amount of
liberated reducing ends was measured using the colorimetric PAHBAH assay
(Lever, 1972). The reducing ends were converted to glucose equivalents,
background (buffer-only fraction) was subtracted, and the glucose equivalents per
109 cells were corrected for the β-glucan amounts (zymolyase-100T digestion).
Digestion of (1,4)-α-glucan was checked visually for completion by resuspending
the remaining pellets in 100 μl of MQ-H2O and adding 900 μl of a potassium-
triiodide reagent prepared from 0.01% (w/v) iodine and 0.1% (w/v) potassium
iodide in 5 M calcium chloride.

Immunoblotting
Cells (2 × 107) were taken up in 10% (w/v) of trichloroacetic acid, broken with
acid-washed glass beads using the Fastprep 120 at speed 6 for 3 intervals of 15 s,
incubated on ice for 10 min, and centrifuged at 16,000 × g at 4°C for 15 min.
Resulting pellets were washed with ice-cold acetone, resuspended in 200 μl of SDS
sample buffer containing 20 mM DTT, and incubated at 37°C for 10 min. Total cell
lysates were separated on an SDS/6% polyacrylamide gel under reducing
conditions, blotted onto nitrocellulose membranes (0.45 μm; Schleicher & Schuell),
and probed with an anti-α-tubulin antibody (Sigma; T-5168) and anti-SYN
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antiserum SN269. This anti-SYN antiserum was generated in rabbits immunized
with peptide H2N-CSQKYGRNSRSRSS-CONH2, based on residues 1618−1631 of
the S. pombe Ags1p, coupled to keyhole limpet hemocyanin. Blots were incubated
with horseradish peroxidase-conjugated goat anti-mouse IgG (BioRad) and
horseradish peroxidase-conjugated goat anti-rabbit IgG (BioRad), and developed
by chemiluminescence (ECL kit, Amersham Bioscience).

Complementation Assay
Cells were grown in EMMA medium containing 100 μM thiamine at 21°C to an
OD595 of ~1.0, washed, and taken up in MQ-H2O to a final concentration of 2.5 ×
107 cells per ml. Four microliters of cell suspension were spotted in 10-fold serial
dilutions onto EMMA plates containing 100 μM of thiamine. Plates were
incubated at 28°C or 37°C for 3−5 days.

β-Glucanase Hypersensitivity Assay
Cells were grown in EMMA medium containing 100 μM thiamine (repression
conditions) at 21°C to an OD595 of 1.0−3.0, diluted with fresh EMMA medium
containing 100 μM thiamine to an OD595 of 0.2, and incubated at 37°C for 4 h. Cells
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AbAgsA Aspergillus niger AAS99324
AfAgs1 Aspergillus fumigatus AAL28129
AfAgs2 Aspergillus fumigatus AAL18964
AfAgs3 Aspergillus fumigatus EAL90874
AfGsy1 Aspergillus fumigatus EAL86056
AgGsy1 Ashbya gossypii AAS50373
AnAgs1 Aspergillus nidulans EAA63275
AnAgs2 Aspergillus nidulans EAA58394
AnGsy1 Aspergillus nidulans EAA58813
AoAgs1 Aspergillus oryzae BAE58541
AoAgs2 Aspergillus oryzae BAE59959
AoAgs3 Aspergillus oryzae BAE66017
AoGsy1 Aspergillus oryzae BAE61422
AtGlgA Agrobacterium tumefaciens NP_534560
BcAgs1 Botrytis cinerea BC1G_07817.1 (BI)
BjGlgA2 Bradyrhizobium japonicum Q89G86
BsGlgA Bacillus subtilis P39125
CcAgs1 Coprinus cinereus CC1G_12015.1 (BI)
CcGsy1 Coprinus cinereus CC1G_01973.1 (BI)
CgAgs1 Chaetomium globosum EAQ90247
CgGsy1 Chaetomium globosum EAQ86497
CiAgs1 Coccidioides immitis CIMG_08204.2 (BI)
CiGsy1 Coccidioides immitis CIMG_06454.2 (BI)
CnaAgs1 Cryptococcus neoformans A CNAG_03120.1 (BI)
CnaGsy1 Cryptococcus neoformans A CNAG_04621.1 (BI)
CnbAgs1 Cryptococcus neoformans B supercontig 1.5 (BI)
CnbGsy1 Cryptococcus neoformans B supercontig 1.2 (BI)
CndAgs1 Cryptococcus neoformans D AAW44814
CndGsy1 Cryptococcus neoformans D AAW45795
CpAgs1 Coccidioides posadasii 51.m00571 (TIGR)
CpGsy1 Coccidioides posadasii 52.m07351 (TIGR)
CtGlgA Clostridium thermocellum ZP_00503641
EcGlgA Escherichia coli AAC76454
FgGsy1 Fusarium graminearum EAA76754
HcAgs1 Histoplasma capsulatum supercontig 1.8 (BI)
HiGlgA Haemophilus influenzae AAX88577
HsGys1 Homo sapiens (human, muscle) P13807

a Synopses comprise the first letters of the genus and its epithet of the relevant organism followed by an abbreviation
of the type of (1,4)-α-glucan synthase with, if multiple homologs are known, a serial number or letter.
b Sequencing projects used to obtain Ags and Gsy sequence data are indicated as follows: BI, Broad Institute of
Harvard and MIT; JGI, the U. S. Department of Energy Joint Genome Institute; TIGR, The Institute for Genomic
Research; and, GS, Genoscope.

Supplementary Table SI. Amino acid sequences used in this study

HvGBSS Hordeum vulgare (barley) AAM74054
HvSSII Hordeum vulgare (barley) AAN28309
IbSS Ipomoea batatas (sweet potato) AAC19119
LpGlgA Lactobacillus plantarum NP_783887
Mgags1 Magnaporthe grisea EAA48102
MgGsy1 Magnaporthe grisea EAA56934
MmGlgA Mycoplasma mobile YP_016099
MmGys1 Mus musculus Q9Z1E4
Ncags1 Neurospora crassa EAA30439
NcAgs2 Neurospora crassa EAA35836
NcGsy1 Neurospora crassa AAC98780
NpGlgA Nostoc punctiforme ZP_00106629
OsGBSS Oryza sativa (rice) AAL58572
OsSSII Oryza sativa (rice) BAD90592
Paags1 Podospora anserina contig_128 (GS)
PaGlgA Pyrococcus abyssi CAB49000
Pbags1 Paracoccidioides brasiliensis AAV52833
Pcags1 Phanerochaete chrysosporium e_gwh2.1.14.1 (JGI)
PfGlgA Pyrococcus furiosus AAL82168
PhGlgA Pyrococcus horikoshii NP_142087
PmGlgA Prochlorococcus marinus AAQ00097
PsGBSS Pisum sativum (pea) Q43092
PsSS Pisum sativum (pea) CAA61269
PvGBSS Phaseolus vulgaris (kidney bean) BAA82346
PvSSII Phaseolus vulgaris (kidney bean) BAD18846
ScGsy1 Saccharomyces cerevisiae NP_116670
ScGsy2 Saccharomyces cerevisiae NP_013359
SmGlgA Streptococcus mutans AAN59186
Spags1 Schizosaccharomyces pombe AAC31430
SpMok11 Schizosaccharomyces pombe CAB90796
SpMok12 Schizosaccharomyces pombe CAC37503
SpMok13 Schizosaccharomyces pombe CAB38509
SpMok14 Schizosaccharomyces pombe CAB40008
Ssags1 Sclerotinia sclerotiorum SS1G_03383.1 (BI)
SyGlgA Synechocystis sp. NP_441947
TaGBSS Triticum aestivum (wheat) AAF14233
TaSSII Triticum aestivum (wheat) CAB96626
TkGlgA Thermococcus kodakarensis BAD85957
UmGsy1 Ustilago maydis EAK82019
Urags1 Uncinocarpus reesii supercontig 2.1 (BI)
YlGsy1 Yarrowia lipolytica CAG78390
ZmGBSS Zea mays (corn) P04713
ZmSSII2 Zea mays (corn) AAD13342

Synopsisa Species Accession numberb Synopsisa Species Accession numberb
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were washed once in 1 mM 2-mercaptoethanol, 10 mM Tris-HCl, pH 7.6,
(digestion buffer) and taken up at an OD595 of 0.2 in digestion buffer containing 0.4
U/ml of zymolyase-20T (Seikagaku; 120491). After a 1-h incubation at 28°C under
continuous shaking, cell lysis was monitored by measurement of OD595.

Results

Phylogenetic tree of the (1,4)-α-glucan synthase superfamily
Close examination of the putative intracellular domain of the S. pombe Ags1p
(residues 1091−1986) revealed an amino-terminal Lys-rich (19%) region (residues
1091−1144) and a carboxyl-terminal Ser-rich (15%) region (residues 1628−1986),
which flank a domain with amino-acid sequence similarities to glycogen and
starch synthases, referred to here as the SYN domain (Figure 1A). The S. pombe
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SYN PORETMSP TGL

1145 162767227

CnaGsy1
CndGsy1
CnbGsy1
CcGsy1
UmGsy1

YlGsy1
MgGsy1
NcGsy1
CgGsy1
FgGsy1

AoGsy1
AfGsy1

AnGsy1
CiGsy1
CpGsy1
AgGsy1
ScGsy1
ScGsy2
HsGys1
MmGys1

PfGlgA
PhGlgA
PaGlgA
TkGlgA
BsGlgA
CtGlgA
SmGlgA
LpGlgA

MmGlgA
NpGlgA

SyGlgA
PmGlgA
EcGlgA

HiGlgA
BjGlgA2
AtGlgA
TaGBSS
HvGBSS
OsGBSS
ZmGBSS
PvGBSS
PsGBSS
HvSSII
TaSSII
OsSSII
ZmSSII2
PvSSII

IbSS
PsSS

SpMok14
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Figure 1. Phylogenetic tree of the (1,4)-αα-glucan
synthase superfamily. A midpoint-rooted neighbor-
joining tree was constructed for fungal Ags-SYN
domains (indicated as Ags), archaeal and bacterial
glycogen synthases (GlgA), plant granule-bound
starch synthases (GBSS) and soluble starch synthases
(SS), and fungal and animal glycogen synthases (Gsy
and Gys, respectively). Species and synthases
included are listed in Supplementary Table S1.
Bootstrap support for this tree (%, upper number) was
calculated from 1,000 replicates. A similar topology
was obtained using Bayesian analysis run for
1,000,000 generations and the resulting partition
probability values are indicated in the tree (%, lower
number). The scale indicates the branch length
corresponding to 0.2 amino acid substitutions per site.
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ags1-SYN domain shares ~26% amino acid sequence identity with the A.
tumefaciens or P. abyssi GlgA proteins, whose three-dimensional structures are
known. Besides the genome of S. pombe, the genomes of 14 other ascomycetous
fungi and 3 basidiomycetous fungi are known to encode Ags1 proteins and their
Ags1-SYN domains show ~70% amino acid sequence identities among one
another, whereas they show ~27% identity to established GT-5 synthases, the
archaeal and bacterial glycogen synthases and plant synthases (A. Vos and F.
Hochstenbach, unpublished). To study the phylogenetic relationship of the fungal
Ags1-SYN domains with glycogen and starch synthases, we compared their
amino-acid sequences using T-Coffee (Supplementary Figure S1) or Clustal W (J.
A. M. Leunissen, unpublished) and generated phylogenetic trees by using the
neighbor-joining method (Figure 1B), as well as fitch, puzzle, or Bayesian analyses
(J. A. M. Leunissen, unpublished). Although minor differences were observed in
the branching pattern within the major clusters, the mutual relationships among
the major clusters were similar. The fungal Ags1-SYN domains clustered as a
monophyletic group within the (1,4)-α-glucan synthase superfamily, relating
closer to other GT-5 synthases than to GT-3 synthases (Figure 1B). Furthermore,
the previously described putative catalytic residue of E. coli GlgA and human
muscle glycogen synthase are highly conserved in the Ags1-SYN domains (Figure
2). These results suggest that the SYN domain functions as a (1,4)-α-glucan
synthase.
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Figure 2. Conservation of the Glu-X7-Glu
motif among fungal Ags1-SYN domains. 
CLUSTAL W alignment and PSIPRED
secondary structure prediction for the region
flanking the Glu-X7-Glu motif in fungal ags1-
SYN domains as well as selected starch
synthases and glycogen synthases. Dark-gray
shading represents predicted β-sheets and
light-gray shading represents predicted α-
helices, except for AtGlgA and PaGlgA, whose
secondary structures are known from the
solved crystal structure. Dashes indicate
identity to the amino acid of S. pombe Ags1p in
the top line, and boxes indicate the position of
the Glu residues of the motif. Species and
synthases included are listed in Supplementary
Table S1. Note that the first Glu is located in a
loop (neither α-helix nor β-sheet), whereas the
second Glu is predicted to be part of an α-helix
(i.e., α13 in AtGlgA and PaGlgA).
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Ags1p overexpression causes (1,4)-α-glucan accumulation
To investigate experimentally whether Ags1p synthesizes (1,4)-α-glucan, we
inserted the thiamine-repressible nmt1 promoter in front of the ags1 ORF in the
genome of S. pombe wild-type strain 972. This well-characterized promoter was
chosen, because it shows strong promoter activity when cells are grown in the
absence of thiamine (induction conditions) (Maudrell, 1993). Furthermore, when
grown in the presence of thiamine (repression conditions), cells maintain low
expression levels of Ags1p sufficient for normal vegetative growth as a result of
residual promoter activity (Basi et al., 1993). To analyze these Pnmt1-ags1 cells, we
developed a simple plate-based assay for the detection of (1,4)-α-glucan
accumulation. Approximately 100,000 cells were spotted on plates with
chemically defined culture medium (EMMA) with or without the addition of
thiamine. Following an incubation at 28°C for 3 days, the plates were developed
by a 4-min exposure to iodine vapor, which specifically stains (1,4)-α-glucan,
either branched (glycogen and starch) or unbranched (amylose). As a positive
control, we used cells overexpressing the A. tumefaciens gene encoding GlgA
under control of the nmt1-1 promoter from the pREP4 plasmid for ectopic
expression in S. pombe (Maundrell, 1990). Under repression conditions, these cells
showed a yellowish staining (Figure 3A, lane 3, LOW) similar to that of wild-type
cells of strain 972 or cells carrying an empty pREP4 plasmid (Figure 3A, lanes 1
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Figure 3. Overexpression of Ags1p results in
accumulation of material stainable by iodine vapor.
Cells (105) were spotted onto EMMA plates without
(high expression; −T) or with (low expression; +T) the
addition of thiamine. After 3 days of growth at 28°C,
plates were exposed to iodine vapor to stain for (1,4)-
α-glucan. The following cells were analyzed: (A),
wild-type cells (strain 972, lanes 1 and 4), cells
containing pREP4 (strain AV027, lane 2) or pGlgA
(strain AV069, lane 3), cells of genotype Pnmt1-ags1
(strain ND025, lane 5) or Pnmt1-mok11 (strain ND032,
lane 6); (B), cells containing pREP4 (strain AV027, lane
1 and 3), pAgs1 (strain AV028, lane 2), pAgs1-ΔTGL
(strain BS006, lane 4), or pAgs1-ΔSYN (strain AV035,
lane 5); (C), cells containing pAgs1 (strain AV028, lane
1), pAgs1-E1526A (strain AV039, lane 2), pAgs1-
E1534A (strain AV040, lane 3), pAgs1-K1163Q (strain
AV037, lane 4), pAgs1-G1165A (strain AV038, lane 5),
or pAgs1-K1422Q (strain AV042, lane 6); and (D),
wild-type cells (strain 972, lane 1), cells containing
pREP4 (strain AV027, lane 2), pGSY2 (strain AV116,
lane 3), pGSY2-D643 (strain AV117, lane 4), or pAgs1
(strain AV028, lane 5). Note that brown staining
indicates accumulation of (1,4)-α-glucan. 
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and 2). By contrast, under induction conditions cells expressing AtGlgA showed
an intense brown staining characteristic for accumulation of (1,4)-α-glucan (Figure
3A, lane 3, HIGH). Remarkably, when we tested the Pnmt1-ags1 cells under
induction conditions, we also observed a brown staining, indicating that these
cells also accumulated (1,4)-α-glucan (Figure 3A, lane 5, HIGH). This brown
staining was due to ags1 overexpression, because when Pnmt1-ags1 cells were
grown under repression conditions the intensity of staining resembled that of
control cells (Figure 3A, lane 5, LOW). Similarly, cells overexpressing mok11, a
close ags1 homolog, which is expressed normally only during sporulation
(Katayama et al., 1999, Mata et al., 2002), also accumulated (1,4)-α-glucan upon
induction during vegetative growth (Figure 3A, lane 6).

To demonstrate directly that the ags1 ORF was responsible for the (1,4)-α-
glucan accumulation, we cloned it under control of the nmt1 promoter in the
pREP4 plasmid and analyzed the ability of the resulting pAgs1 plasmid to induce
(1,4)-α-glucan accumulation in cells with a wild-type genomic copy of ags1. In our
plate-based assay, cells containing plasmid pAgs1 showed a thiamine-repressible
brown staining similar to that observed for Pnmt1-ags1 cells, indicating that both
overexpression systems induced comparable levels of (1,4)-α-glucan
accumulation (compare Figure 3B, lane 2 with Figure 3A, lane 5).
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Figure 4. Overexpression of Ags1p
results in accumulation of (1,4)-αα-
glucan.Cells were grown in EMMA
medium without (high expression; -T) or
with (low expression; +T) the addition of
thiamine. At the indicated times
following the start of induction, samples
were taken. Upper, (1,4)-α-Glucan levels
of the insoluble cell fraction were
measured in an assay using α-amylase
and glucoamylase. Lower, Ags1p levels
were determined in total cell lysates by
immunoblotting using an anti-SYN
antiserum. α-Tubulin served as a loading
control. The following cells were
analyzed: A and B, cells of genotype
Pnmt1-ags1 (strain ND025); C, cells
containing pAgs1 (strain AV028); and D,
cells containing pREP4 (strain AV027).
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To confirm our findings on Ags1p in an independent manner, we
monitored the accumulation of (1,4)-α-glucan by measuring the amount of
glucose released from insoluble cell fractions after treatment with α-amylase and
glucoamylase, endo-type and exo-type glucanases, respectively, specific for (1,4)-α-
glucan. In total lysates of matching cells, Ags1p overexpression levels were
analyzed in immunoblot analyses using an antiserum directed against a peptide
of the Ags1-SYN domain (residues 1618−1631). Following the transfer of Pnmt1-
ags1 cells from EMMA medium with thiamine to EMMA medium without
thiamine, we analyzed cells at regular time intervals and observed a pronounced
increase in the amount of cellular (1,4)-α-glucan (Figure 4A, Upper). These
increasing levels of (1,4)-α-glucan correlated closely with increasing levels of
Ags1p, which resolved as a specific protein band at an apparent molecular mass
of ~265 kDa (Figure 4A, Lower), consistent with the calculated molecular mass for
Ags1p of 272.1 kDa. Under repression conditions, Pnmt1-ags1 cells maintained
background levels of amylase-sensitive glucans (Figure 4B, Upper), while Ags1p
levels remained undetectable in immunoblot analyses using this antiserum
(Figure 4B, Lower), as was the case for wild-type strain 972 (Figure 4, A and B,
lane 1). A similar correlation between Ags1p overexpression and (1,4)-α-glucan
accumulation was observed when Ags1p overexpression was driven from the
plasmid pAgs1 (Figure 4C). Although induction was somewhat delayed,
maximum levels of cellular (1,4)-α-glucan were similar to those observed for
Pnmt1-ags1 cells (Figure 4, compare C to A). Together, these results corroborate
our assertion that overexpression of Ags1p results in accumulation of (1,4)-α-
glucan.

The intracellular domain of Ags1p is responsible for (1,4)-α-glucan
accumulation
In addition to the SYN domain, Ags1p contains a putative extracellular domain
predicted to exhibit transglycosylase activity (Hochstenbach et al., 1998), denoted
here as the TGL domain. We explored the possibility whether the TGL domain
was responsible for the observed (1,4)-α-glucan accumulation. Given that ags1+ is
an essential gene in S. pombe (Hochstenbach et al., 1998, Katayama  et al., 1999) such
that mutagenesis of the genomic copy could result in cell lysis, we overexpressed
mutant versions of the Ags1 protein from the pREP4 plasmid. Accordingly, we
analyzed Ags1p-ΔTGL (lacking residues 113−724), an Ags1 protein whose
putative extracellular domain was largely deleted. Clearly, this mutant Ags1
protein was able to synthesize (1,4)-α-glucan as determined in our plate-based
assay (Figure 3B, lane 4). When we deleted the SYN domain without affecting the
TGL domain and overexpressed the resulting Ags1p-ΔSYN (without residues
877−1689), no (1,4)-α-glucan accumulation was observed (Figure 3B, lane 5).
Together, these results demonstrate that the putative extracellular domain is not
responsible for (1,4)-α-glucan biosynthesis.
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To investigate whether the putative intracellular domain is involved in
the synthesis of (1,4)-α-glucan, we introduced mutations in several conserved
residues of Ags1p. First, we examined the role of a putative catalytic residue,
Ags1p-E1526, which is conserved among all members of the (1,4)-α-glucan
synthase superfamily and which represents the first Glu in the Glu-X7-Glu motif
(Figure 2). Replacement of this Glu for Ala to create Ags1p-E1526A resulted in a
complete reduction of brown straining in our plate-based assay (Figure 3C, lane
2). Furthermore, no accumulation of (1,4)-α-glucan was detected in our amylase
assay, despite the overexpression of this mutant Ags1 protein (Figure 5, lane 3).
Similarly, substitution of the second Glu of the Glu-X7-Glu motif (Figure 2) or the
Lys or first Gly of the putative nucleotide-glucose-binding motif Lys/Arg-X-Gly-
Gly reduced brown staining in the plate-based assay (Figure 3C, lanes 3−5) and
(1,4)-α-glucan levels in the amylase assay (Figure 5, lanes 4−6), despite proper
overexpression of the mutant Ags1 proteins. Interestingly, replacement in Ags1p
of Lys1422 for Gln, whose equivalent Lys-277 was proposed to function as a
catalytic residue in the E. coli GlgAp (Furukawa et al., 1994), only modestly
affected iodine staining in the plate-based assay (Figure 3C, lane 6), reducing (1,4)-
α-glucan accumulation by only ~50% (Figure 5, lane 7). In conclusion, these data
demonstrate that the SYN domain of Ags1p is responsible for the synthesis of
(1,4)-α-glucan.
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Figure 5. Replacement of conserved Ags1-SYN
residues reduces accumulation of (1,4)-αα-glucan.
Cells were grown in EMMA medium without the
addition of thiamine (high expression; −T) for 20 h.
Upper, (1,4)-α-Glucan levels of the insoluble cell
fraction were measured in an assay using α-
amylase and glucoamylase. Lower, Ags1p levels
were determined in total cell lysates by
immunoblotting using an anti-SYN antiserum. α-
Tubulin was used as a loading control. The
following cells were analyzed: cells containing
pREP4 (strain AV027, lane 1), pAgs1 (strain AV028,
lane 2), pAgs1-E1526A (strain AV039, lane 3),
pAgs1-E1534A (strain AV040, lane 4), pAgs1-
K1163Q (strain AV037, lane 5), pAgs1-G1165A
(strain AV038, lane 6), or pAgs1-K1422Q (strain
AV042, lane 7).
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Given that many members of the (1,4)-α-glucan synthase superfamily are
dependent on a primer to initiate of synthesis, we addressed whether such a
primer is present in vegetatively grown S. pombe cells. As a reporter, we used
glycogen synthase II from S. cerevisiae (ScGsy2p), which normally elongates (1,4)-
α-glucan primers generated by glycogenin but lacks the ability to initiate de novo
(1,4)-α-glucan synthesis (Ugalde et al., 2003; Cheng et al., 1995). Overexpression of
wild-type ScGsy2p in S. pombe cells resulted in a brown staining, whereas low
expression did not (Figure 3D, lane 3). When we used a hyperactive form of
ScGsy2p, ScGsy2p-Δ643, which lacks the carboxyl-terminal phosphorylation sites
for negative control of its synthase activity, brown staining was obtained even
when expression levels were low (Figure 3D, lane 4). These results demonstrate
that ScGsy2p was able to synthesize (1,4)-α-glucan in S. pombe cells, indicating that
these cells contain a primer for (1,4)-α-glucan biosynthesis.
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Figure 6. Biosynthesis of (1,4)-αα-glucan is an essential function of Ags1p in vivo. Cells were spotted onto EMMA
plates supplemented with thiamine (low expression) in 10-fold serial dilutions as indicated and incubated for 3 days
at the following temperatures: Left, 28°C or Right, 37°C. The following cells were analyzed: A, wild-type cells (strain
972, lane 1), cells containing pREP4 (strain AV027, lane 2) or pAgs1 (strain AV028, lane 3), ags1-1ts cells (strain FH021,
lane 4), ags1-1ts cells containing pREP4 (strain AV059, lane 5) or pAgs1 (strain AV060, lane 6); and B, ags1-1ts cells
containing pREP4 (strain AV059, lane 1), pAgs1 (strain AV060, lane 2), pAgs1-E1526A (strain AV064, lane 3), pAgs1-
E1534A (strain 065, lane 4), pAgs1-K1163Q (strain AV062, lane 5), pAgs1-G1165A (strain AV063, lane 6), or pAgs1-
K1422Q (strain AV066, lane 7).
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(1,4)-α-Glucan biosynthesis is an essential function of Ags1p
To determine whether (1,4)-α-glucan biosynthesis is important for Ags1p function
in vivo, we assessed the ability of mutant Ags1 proteins to complement the cell
lysis and β-glucanase-hypersensitivity phenotypes of the mutant strain ags1-1ts

(Hochstenbach et al., 1998). This ts strain grows well at a permissive temperature
of 28°C, but, unlike wild-type strain 972, it is unable to grow at a restrictive
temperature of 37°C (Figure 6A, compare rows 4 and 1). By contrast, cells of the
ags1-1ts strain carrying plasmid pags1 were able to grow at 37°C in the presence of
thiamine to repress ags1 expression to low, wild-type-like, levels (Figure 6A, row
6). Similarly, in a β-glucanase-hypersensitivity assay in which the ags1-1ts mutant
was grown at 37°C for only 4 h to create a weakened cell-wall structure at areas of
new growth, plasmid pAgs1 was able to protect the ags1-1ts mutant from lysis after
exposure to purified β-glucanase (Table 3). Together, these data show that wild-
type Ags1p can complement the cell lysis and β-glucanase-hypersensitivity
phenotypes of ags1-1ts. Importantly, ags1-1ts cells expressing an Ags1 protein with
a mutation in the putative catalytic Glu residue of the SYN domain (Ags1p-
E1526A) were unable to grow at 37°C (Figure 6B, row 3). Also, Ags1p-E1526A was
completely unable to protect the ags1-1ts mutant from lysis after exposure to β-
glucanase (Table 3). From these experiments, we conclude that replacement of E-
1526 for Ala renders Ags1p inactive.

Interestingly, introduction of a mutation in the second Glu of the Glu-X7-
Glu motif or the Lys or first Gly of the Lys/Arg-X-Gly-Gly motif had only a
modest effect, if any, on the ability of Ags1p to complement the cell lysis and β-
glucanase-hypersensitivity phenotypes of the ags1-1ts strain (Figure 6B, rows 4−6;
Table 3), demonstrating that these residues are not essential for catalysis.
Furthermore, replacement of Lys-1422 for Gln appeared not to affect the function
of this mutant Ags1 protein (Figure 6B, row 7; Table 3). In conclusion, these data
demonstrate that synthesis of (1,4)-α-glucan, while not encompassing its sole
function, is an essential activity of Ags1p in vivo.
Table III. ββ-Glucanase hypersensitivity of ags1-1ts cells
Cells were grown in EMMA supplemented with 100 μM of thiamine at 21°C for 48 h, followed by a 4-h incubation at
37°C. Washed cells were then incubated for 1 h without (untreated) or with (treated) (1,3)-β-glucanase at 28°C and
cell survival was measured as the OD595 of the different strains that survived treatment as percentage of the initial
OD595. The values are the mean ± SD of three independent experiments, except those of strains with genotype ags1-1ts

[pREP4] (n = 6) or ags1-1ts [pAgs1] (n = 6).

Genotypea Strain       Cell Survival (% of initial OD595)
untreated treated

Wild type 972 100 ± 3 89 ± 2
ags1-1ts FH021 99 ± 1 19 ± 3
ags1-1ts [pREP4] AV059 100 ± 3 18 ± 3
ags1-1ts [pAgs1] AV060 99 ± 5 72 ± 6
ags1-1ts [pAgs1-E1526A] AV064 100 ± 1 22 ± 2
ags1-1ts [pAgs1-E1534A] AV065 100 ± 1 56 ± 5
ags1-1ts [pAgs1-K1163Q] AV062 99 ± 1 24 ± 7
ags1-1ts [pAgs1-G1165A] AV063 100 ± 1 52 ± 5
ags1-1ts [pAgs1-K1422Q] AV066 96 ± 1 63 ± 18
aComplete genotypes and plasmid descriptions are shown in Tables I and II, respectively.
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Discussion

In this report, we integrate the SYN domain of fungal α-glucan synthases into the
superfamily of (1,4)-α-glucan synthases, which already included glycogen and
starch synthases. First, we demonstrate that Ags1-SYN domains display striking
amino-acid sequence similarities with archaeal and bacterial glycogen synthases
and plant starch synthases, all belonging to the glycosyltransferase family GT-5
(Supplementary Figure S1). Second, we show that Ags1-SYN domains form a
monophyletic group that clusters within the (1,4)-α-glucan synthase superfamily
(Figure 1B), suggesting that a hypothetical ags1 ancestor gene existed before the
divergence of the Ascomycota and Basidomycota. Third, we demonstrate that the
SYN domain of the S. pombe Ags1p is able to synthesize (1,4)-α-glucan in vivo.
Overexpression of Ags1p in S. pombe cells resulted in accumulation of (1,4)-α-
glucan, as detected by brown staining using iodine vapor (Figure 3) or in a
quantitative amylase assay (Figure 4). Fourth, replacement of a highly conserved
and putative catalytic residue in the SYN domain (Ags1p-E1526A), the first Glu in
the Glu-X7-Glu motif, abrogated (1,4)-α-glucan synthesis, whereas mutations in
the putative nucleotide-glucose-binding motif (K1163Q and G1165A) resulted in
only a minor decrease in (1,4)-α-glucan accumulation upon overexpression
(Figures 3 and 5). Finally, synthesis of (1,4)-α-glucan was found to be an essential
cellular function of Ags1p (Figure 6). Based on these results, we conclude that the
SYN domain of S. pombe Ags1p is responsible for the production of the (1,4)-α-
glucan constituent of cell wall α-glucan.

The Glu-X7-Glu motif is conserved among archaeal and animal glycogen
synthases, as well as fungal Ags1-SYN domains (Figure 2). Substitution of the
equivalent Glu for Ala in the E. coli GlgA (E377A) resulted in a 10,000-fold
reduction of the catalytic activity without affecting its ability to bind the ADP-
glucose or glycogen substrates, demonstrating that this residue is involved in
catalysis rather than substrate binding (Yep et al., 2004). These data are fully
consistent with our findings that a similar mutation at the equivalent Glu in the S.
pombe Ags1-SYN domain (Ags1p-E1526A) abrogated both (1,4)-α-glucan
production (Figures 3 and 5) and Ags1p function in vivo (Figure 6 and Table 3). By
contrast, replacement of the second Glu of the Glu-X7-Glu motif reduced (1,4)-α-
glucan accumulation upon overexpression, but did not result in a complete loss of
Ags1p function, indicating that this residue is not essential for catalysis but
instead may have a structural role. The nucleotide-glucose-binding motif
Lys/Arg-X-Gly-Gly is conserved among all members of the (1,4)-α-glucan
synthase superfamily, with a Lys present in GT-5 enzymes, including Ags1-fungal
Ags1-SYN domains. Replacement of the equivalent Lys for Gln in the E. coli GlgA
(K15Q) resulted in a 30-fold reduction of ADP-glucose binding without a major
effect on catalytic rate, whereas replacement of the first Gly for Ala (EcGlgA-
G17A) reduced catalytic activity by 1000-fold (Furukawa et al., 1993). The crystal
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structure of the A. tumefaciens GlgA indicated that, upon closure of the cleft
between both Rossmann-like domains, the equivalent Lys (AtGlgA-Lys15) comes
into contact with the ribose moiety of ADP-glucose, whereas the equivalent Gly
residues (AtGlgA-G17 and G18) interacts with its nucleotide phosphate groups
(Buschiazzo et al., 2004). In the S. pombe Ags1-SYN domain, this motif appears to
play a similar role, because mutagenesis of the equivalent residues (Ags1p-
K1163Q and Ags1p-G1165A) reduced (1,4)-α-glucan accumulation upon
overexpression, but did not result in a complete loss of Ags1p function, indicating
that these residues are also not essential for catalysis. Although most residues
involved in catalysis and substrate binding are located in the catalytic cleft
(Buschiazzo et al., 2004; Horcajada et al., 2006), a conserved Lys, which in E. coli
GlgA (Lys-277) is predicted to be involved in catalysis (Furakawa et al., 1994), was
shown to be located far away from the catalytic center, suggesting that it may have
a distant effect on catalysis, instead of a direct involvement (Buschiazzo et al.,
2004). Consistent with this latter notion, site-directed mutagenesis of the
equivalent Lys in the Ags1-SYN domain (Ags1p-K1422Q) showed only a slight
decrease in (1,4)-α-glucan accumulation (Figures 3 and 5), indicating that Lys-1422
of Ags1p is not essential for catalysis. With regard to retention of the emerging
(1,4)-α-glucan chain, A. tumefaciens GlgA interacts with its reaction product via
residues that are also conserved among fungal Ags1-SYN domains. For example,
in AtGlgA, Glu-9 (Ags1p-D1157), Leu-19, (Ags1p-L1167), Asp-138 (Ags1p-D1280)
are proposed to interact with the glucose residue at position +1, whereas Tyr-96
(Ags1p-Y1244) and Phe167 (Ags1p-Phe1306) are thought to stack against the
glucose residue at position +2 (Buschiazzo et al., 2004). In conclusion, the
conservation of residues involved in catalysis or binding of substrate or reaction
product indicate that the catalytic mechanism for the S. pombe Ags1-SYN domain
appears similar to that of other members of the (1,4)-α-glucan synthase
superfamily.

Production of (1,4)-α-glucan is hypothesized to require two steps:
initiation and elongation. In animal and yeast cells, glycogen synthesis is initiated
by autoglucosylation of the protein glycogenin, which catalyzes the transfer of
glucose residues from UDP-glucose onto one of its tyrosine residues. The
produced (1,4)-α-glucan oligosaccharide is then used as a primer for elongation by
glycogen synthase (Lomako et al., 2004). For plant starch biosynthesis, the nature
of a relevant primer remains elusive (Ball et al., 2003). Also for bacterial glycogen
synthases, the requirement for a primer is controversial: E. coli GlgA appears to
require a (1,4)-α-glucan oligosaccharide as primer (Fox et al., 1976), whereas A.
tumefaciens GlgA appears to be involved in both initiation and elongation of
glycogen, without the need for a primer (Ugalde et al., 2003). S. pombe cells contain
a primer for (1,4)-α-glucan biosynthesis (Figure 3), but its genome does not encode
a readily identifiable glycogenin-like protein. Further studies will be required to
determine the nature of this primer and its potential relevance to (1,4)-α-glucan
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biosynthesis by Ags1p.
Our earlier finding that cell-wall α-glucan is comprised of two distinct

constituents, (1,3)-α-glucan with some (1,4)-linked α-glucose residues at its non-
reducing end (Grün et al., 2004), combined with our present finding that the SYN
domain of Ags1p synthesizes the latter constituent, raises the question which
enzyme or enzyme domain produces the (1,3)-α-glucan constituent. We cannot
exclude the unlikely possibility that the SYN domain might be capable of
catalyzing two distinct reactions, synthesizing not only (1,4)-α-glucan but also
(1,3)-α-glucan. Also, the TGL domain of Ags1p seems an improbable candidate for
(1,3)-α-glucan synthesis, because it has sequence similarities with bacterial and
fungal amylases of glycoside hydrolase family GH-13, enzymes known to
hydrolyze or transglycosylate (1,4)-α-glucan. Therefore, we hypothesize that an
unidentified enzyme may be responsible for synthesis of the (1,3)-α-glucan
constituent. If so, this would require a further refinement of our speculative model
for cell wall α-glucan biosynthesis (Hochstenbach et al., 1998). We speculated that
the (1,4)-linked α-glucose residues might act as a primer for the (1,3)-α-glucan
biosynthesis to form one of the two α-glucan building blocks (Grün et al., 2004). In
our refined model, the (1,4)-linked α-glucose residues produced by the Ags1-SYN
domain would be transferred to an unknown (1,3)-α-glucan synthase for
elongation. This building block would then be transported across the membrane
via the putative pore domain of Ags1p and linked to another building block by the
TGL domain to form mature cell wall α-glucan.

Based on the strict conservation of the SYN domain among fungal Ags1
proteins, we predict that not only S. pombe but indeed all fungi expressing an
Ags1p homolog may contain (1,4)-linked α-glucose residues linked to cell-wall
(1,3)-α-glucan. Although the presence of (1,4)-α-glucosidic linkages was noticed in
cell-wall α-glucan fractions from both ascomycetous and basidiomycetous fungi,
such as the filamentous fungus Aspergillus niger (Johnston, 1965) and the
medically important pathogen C. neoformans (James et al., 1990), additional work
will be required to demonstrate that these linkages, rather than representing a
contamination of glycogen, are linked covalently to (1,3)-α-glucan. We hope that
our present finding may contribute to a rational design for antifungal drugs
directed against the Ags1 protein.
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Summary

In contrast to animal cells, fungal cells are surrounded by a cell wall. This cell wall
provides cell rigidity and preserves cell integrity by counteracting osmotic
pressure. Without the cell wall, fungal cells will loose their polarity, swell, and
finally lyse. Although the cell wall gives the cell rigidity, it is by no means a static
organelle. Instead it is highly dynamic, allowing for growth during the fungal life
cycle. This thesis addresses this dynamics, and describes  investigations that show
for the first time that at certain stages in the life cycle of the yeast
Schizosaccharomyces pombe, parts of the cell wall are actively hydrolyzed by
enzymatic processes strongly regulated both in space and in time.

Although the appearance of fungi from different species is very diverse,
the overall architecture of their cell walls is quite conserved. It comprises an outer
layer of glycosylated proteins and an inner layer of carbohydrates, polymers
composed of glucose or N-acetylglucosamine moieties. In S. pombe, the model
yeast used in this study, the major cell-wall polysaccharides are (1,3)-β-glucan and
(1,3)-α-glucan. Although several studies have focused on (1,3)-β-glucan synthesis
and hydrolysis, very little was known about (1,3)-α-glucan metabolism. Here we
present studies that identify and characterize enzymes that play an integral role in
the S. pombe life cycle by specifically hydrolyzing (1,3)-α-glucan. We show that
this process is strongly regulated, both by cell-cycle regulated transcription
activation, and by regulated localization. In addition, we perform an in-depth
analysis on the mechanism of action of the α-glucan synthase Ags1p, and
demonstrate that one of its domains synthesizes (1,4)-α-glucan as part of mature
cell-wall α-glucan.

Role of Agn1p in The Life Cyle of S. pombe
In Chapter 2 we describe a study that identifies Agn1p en Agn2p and
characterizes Agn1p as a specific endo-(1,3)-α-glucanase that produces α-glucan
pentasaccharides as the predominant hydrolysis product. In addition we
identified its cellular function by deleting the agn1 open reading frame from the S.
pombe genome. Importantly, agn1Δ cells grew in small aggregates, indicating a role
for Agn1p in cell separation. Cell separation is the final stage of the cell cycle in
which the septum, synthesized in the middle of the dividing cell, is partially
hydrolyzed together with the cell wall that surrounds the septum, which we have
called the 'septum edging'. By using electron microscopy, we showed that agn1Δ
cells remained attached via remnants of the septum edging. We propose that
Agn1p plays an intrinsic role in the S. pombe cell cycle by partially hydrolyzing
(1,3)-α-glucan present in the cell wall at the septum edging. 

In Addendum 1, we initiated a study to gain more insight in the
enzymatic characteristics of Agn1p. To this end, we studied two residues that are
conserved in Agn1p and other (1,3)-α-glucanases for a role in enzyme function. In
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contrast to wild-type Agn1p, mutant Agn1 proteins were not released into the
culture medium, but ended up in the low-speed pellet fraction. This fraction
contains predominantly nuclei with associated organelles and cell walls.
Consistent with this is the fact that no (1,3)-α-glucanase activity was observed in
culture medium after overexpression of the Agn1p mutants. Furthermore, in
contrast to wild-type Agn1p, the two Agn1p mutants were unable to complement
the clumping phenotype of agn1Δ cells. We propose that the Agn1p mutants
might bind cell-wall (1,3)-α-glucan but lack enzymatic activity to hydrolyze it and
therefore remain attached to cell-wall (1,3)-α-glucan.

Role of Agn2p in the Life Cycle of S. pombe
Sporulation in S. pombe involves the synthesis of four ascospores within the cell
wall of the mother cell, the ascus wall. In Chapter 2, we demonstrate that Agn2p
is essential for the dispersal of the ascospores into the environment and propose
that Agn2p functions by hydrolyzing (1,3)-α-glucan in the ascus wall.

Chapter 3 describes the purification and characterization of S. pombe
Agn2p. By using purified Agn2p, we show that Agn2p, like Agn1p, is an endo-
(1,3)-α-glucanase that produces (1,3)-α-glucan pentasaccharides as the main
hydrolysis product. Furthermore, we provide evidence that Agn2p plays a direct
role in ascus-wall hydrolysis during sporulation. These findings demonstrate that
not only during the cell cycle, but also during sporulation α-glucan hydrolysis
plays an integral part in the life cycle of S. pombe cells.

(1,3)-α-Glucanase MutAp from the mycoparasite Trichoderma harzianum
In Chapter 4, an in-depth study is presented on the mechanism of action of the
(1,3)-α-glucanase MutAp from the mycoparasitic fungus Trichoderma harzianum.
This fungus secretes enzymes like (1,3)-β-glucanases, (1,6)-β-glucanases, and
chitinases in addition to MutAp, to degrade the cell walls of host fungi and use
their products as a carbon and energy source. In contrast to Agn1p and Agn2p,
MutAp hydrolyzes (1,3)-α-glucan into glucose residues. By using defined purified
(1,3)-α-glucan oligosaccharides, we show that MutAp performs an initial
intrachain break of a glycosidic linkage, after which it retains part of its product
and proceeds hydrolyzing in the direction of the non-reducing end by releasing β-
glucose residues in a processive manner. We speculate that the putative (1,3)-α-
glucan-binding domain, present in MutAp but absent from Agn1p and Agn2p,
plays a role in this mechanism of processivity.

Transcription Regulation of agn1+ by transcription factor Ace2p
Cell separation is a highly regulated process. Agn1p plays an important role
during this process and is therefore highly regulated, both spatially and
temporally. agn1+ transcription is specifically upregulated during septation and
requires the transcription factor Ace2p. ace2Δ cells are unable to separate properly,
leading to the formation of large aggregates of cells. Interestingly, transcription
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activation of the target genes of Ace2p was correlated with the presence of the
nucleotide sequence motif 5'-CCAGCC in their promoter regions. Chapter 5
describes a study on the role of the three copies of this motif in the promoter of
agn1+ using a new simple plate-based assay. Using this assay we show that the
two repeats most proximal to the transcription start point function as an upstream
activating sequence for agn1 promoter activity. Finally, we demonstrate that this
upstream activating sequence is essential for agn1 promoter activity in vivo.

In Addendum 2 we demonstrate the use of S. cerevisiae cells in the plate-
based assay and compare the reliability of the assay for S. cerevisiae and S. pombe
by testing both constitutive and inducible promoters. Our data demonstrate that
both yeast species are suitable for use in our assay, which will allow future
comparative studies into the mechanisms involved in gene regulation in both
yeast species.

Role of Chitinase-like Protein in Cell Separation
Chapter 6 describes a preliminary study on the role of the S. pombe chitinase-like
protein Cts1p. We initiated this study to identify additional glycoside hydrolases
involved in cell separation. Our analysis of the amino-acid sequence suggested
that the protein consists of two domains: one domain with high similarity to
glycoside-hydrolase family 18 chitinases and another domain rich in Ser and Thr
residues, which might form a stalk-like structure due to O-glycosylation. Our
experimental data suggested that the protein might indeed be heavily
glycosylated. Deletion of cts1Δ suggested that Cts1p might play a role during cell
separation since cts1Δ cells clumped, but to a lesser extent than agn1Δ cells.
Interestingly, the residues proposed to be essential for enzymatic function of
chitinases of family GH-18 seem to be absent from Cts1p. We propose that Cts1p
might function as a chitin lectin, that may function during cell separation.

Role of Ags1p in α-Glucan Biosynthesis
Finally, in Chapter 7, an extensive investigation into the enzymatic function of the
Ags1 protein is presented.  Previously we showed that Ags1p is involved in the
synthesis of α-glucan, which in S. pombe consists of two building blocks. Each
building block comprises a (1,3)-α-glucan segment of approximately 135 glucose
residues and a small number of (1,4)-α-linked glucose residues. Here we
demonstrate that the putative intracellular domain of Ags1p synthesizes (1,4)-α-
glucan as part of the mature cell-wall α-glucan polymer, essential for S. pombe
viability. We propose that the short stretch of (1,4)-α-glucan produced by the SYN
may function as a primer for (1,3)-α-glucan biosynthesis by an yet unknown
enzyme. After complete synthesis of a single building block it might be
transported across the plasma membrane via the pore domain and subsequently
linked to a second building block by the extracellular domain of Ags1p to form
mature cell-wall α-glucan. 
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Summarizing, we have shown that (1,3)-α-glucan is not an inert
polysaccharide in the cell wall of S. pombe cells, but that it can be actively
hydrolyzed by (1,3)-α-glucanases. We are the first to show that the processes of
cell separation and ascospore dispersal, which play an integral part in the S. pombe
life cycle, involve the hydrolysis of (1,3)-α-glucan. Furthermore, we demonstrate
that there is both spatial regulation of the (1,3)-α-glucan hydrolyzing enzymes and
temporal regulation of their transcription, thereby allowing processes such as cell
separation to take place while maintening cell integrity. 

Not only S. pombe, but also many pathogenic fungi, contain cell-wall (1,3)-
α-glucan. Among those are Aspergillus fumigatus and Cryptococcus neoformans,
which encode eight and four putative (1,3)-α-glucanases, respectively. Future
studies will be required to provide insight into their precise activities and cellular
functions, and to shed light on their possible involvement in virulence. In
addition, the identification of compounds that inhibit (1,3)-α-glucanases will
allow investigations into a potential contribution to clinical relevance.
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Samenvatting
Na uitgebreid te hebben gewerkt aan het tot stand komen van dit proefschrift,
beland ik bij dit laatste en voor mij persoonlijk tevens leukste stukje om te
schrijven, de Nederlandse samenvatting. Dit stukje is bedoeld om iedereen die
geïnteresseerd is, ongeacht biologische voorkennis, uit te leggen wat er aan
onderzoek in dit proefschrift beschreven is.

Achtergrond van het onderzoek

Schimmels
Schimmels behoren tot het domein der eukaryoten, organismen met een complexe
structuur, waarbij het genetische materiaal, het DNA, opgeslagen ligt in de door
membranen omgeven kern. Niet alleen schimmels maar ook planten en dieren
worden tot de eukaryoten gerekend. In tegenstelling tot de meeste planten en
dieren, die meercellig zijn, komen er bij de schimmels ook eencellige organismen
voor. 

Schimmels kunnen op basis van hun seksuele voortplanting worden
ingedeeld in vier stammen: de schijnschimmels (chytridiomyceten), de lagere
schimmels (zygomyceten), de basidiomyceten en de ascomyceten. Bij de
basidiomyceten worden nakomelingen, de basidiosporen, gevormd aan het einde
van een gespecialiseerd verlengde celstructuur, het basidium. Het vruchtlichaam
van deze schimmels, zichtbaar bovengronds als paddenstoel, kan tot enkele
miljoenen basidiosporen bevatten die elk, in aanwezigheid van voldoende
voedingstoffen, uit kunnen groeien tot een schimmelcel. Bij de grootste stam van
schimmels, de ascomyceten, worden de sporen gevormd in de ascus ('zakje').
Voorbeelden van eencellige ascomyceten zijn onder andere de bakkersgist
Saccharomyces cerevisiae en de splijtgist Schizosaccharomyces pombe. Beide gisten
vormen vier ascosporen per ascus tijdens seksuele reproductie, welke vervolgens
kunnen uitgroeien tot individuele gistcellen. Deze sporen worden gevormd
binnen de oude celwand van de moeder, de ascuswand (Figuur 1, blz. 11). In dit
proefschrift wordt voor de eerste keer beschreven dat de ascuswand van S. pombe
actief wordt afgebroken door enzymen, om verspreiding van de sporen mogelijk
te maken (Hoofdstuk 3). Wanneer er voldoende voedingsstoffen aanwezig zijn,
groeien de ascosporen uit tot volgroeide S. pombe cellen van ongeveer 10−15 μm
lengte die vervolgens kunnen delen door in het midden te ‘splijten’ (Figuur 1, blz.
11).

Schimmels en gisten komen veelvuldig voor in de natuur en onze directe
leefomgeving. Tot op heden zijn er meer dan 100.000 soorten schimmels bekend
en worden er dagelijks nieuwe soorten ontdekt. Schimmels zijn belangrijk voor
natuurlijke evenwichten en zijn vrijwel altijd onschadelijk voor de mens, maar
onder deze schimmels bestaan ook potentiële ziekteverwekkers. Schimmels leven
veelal van dood, plantaardig materiaal, waar zij voedsel uit opnemen met behulp
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van enzymen die zij uitscheiden. Bomen en planten kunnen bijproducten van
deze reacties weer opnemen en gebruiken. Ook wij maken gebruik van schimmels
in onder andere de voedsel- en kledingindustrie. Een goed voorbeeld is de
bakkersgist Saccharomyces cerevisiae welke gebruikt wordt in bakkerijen en
bierbrouwerijen. Tevens worden schimmels gebruikt voor de productie van
vleesvervangers en gebruiken we ook de champignon, het vruchtlichaam van een
Agricus soort, als voedsel. Bij het verbleken van spijkerbroeken wordt de
schimmelsoort Trichoderma ingezet voor het zogenaamde 'stonewash' effect.

Humaan geassocieerde schimmels vinden we in drie typen: De
commensalen, de pathogenen en de opportunisten. De commensalen leven op de
menselijke huid, de mond en het darmstelsel, en gebruiken uitgescheiden stoffen
en materiaal van dode huidcellen. Deze schimmels zijn veelal onschadelijk. De
pathogenen echter, die doorgaans in de grond leven, kunnen ernstige infecties
veroorzaken wanneer ze in contact komen met de mens. Voorbeelden van
pathogenen zijn Coccidioides immitis, Histoplasma capsulatum en Blastomyces
dermatitidis. Opportunistische schimmels zijn in principe onschadelijk voor de
mens, maar kunnen schadelijk worden wanneer zij mensen infecteren met een
verzwakt immuunsysteem, zoals AIDS-patiënten, patiënten die
immuunsuppresiva nemen na orgaantransplantaties en patiënten die
chemotherapie ondergaan. Bij hen kunnen deze schimmels dieper gelegen
weefsels van het lichaam bereiken, zoals de longen, en een levensbedreigende
infectie veroorzaken. Voorbeelden van opportunistische schimmels zijn
Aspergillus fumigatus welke ernstige longinfecties kan veroorzaken en Cryptococcus
neoformans, verantwoordelijk voor hersenvliesontsteking. 

Modelgisten
Om de structuur van de celwand van schimmels te bestuderen maken
wetenschappers gebruik van zogenaamde modelgisten. Gisten zijn eencellige
schimmels die zich eenvoudig vermenigvuldigen onder laboratoriumcondities.
Omdat het eukaryoten zijn, zoals dierlijke cellen, en de mechanismen van
celdeling tussen deze sterk overeenkomen, worden ze veelvuldig gebruikt voor
onderzoek naar humane ziekten zoals kanker. De meest gebruikte modelgisten
zijn S. cerevisiae en S. pombe (veelvuldig gebruikt in de studies beschreven in dit
proefschrift). Het genoom (de complete DNA-volgorde in de cel) van de gisten
bevat respectievelijk 5500 genen in S. cerevisiae en 5000 genen in S. pombe, terwijl
dat van de mens zo’n 20.00−25.000 genen telt. Vrijwel al deze genen coderen voor
een eiwit. Een eiwit is niets anders dan een ketting van opeenvolgende
aminozuren, waarbij samenstelling en eigenschappen van de afzonderlijke
aminozuren de uiteindelijke structuur en functie van het eiwit bepalen. Veel van
de eiwitten functioneren als enzymen die biochemische reacties in de cel mogelijk
maken en versnellen. In dit proefschrift staan studies beschreven met betrekking
tot het functioneren van enkele van de enzymen betrokken bij de opbouw en
modificatie van de gist celwand. 
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Celwand: Essentieel voor Schimmelcellen
Schimmelcellen worden in tegenstelling tot dierlijke cellen omgeven door een
stevige structuur, de celwand. Deze celwand verhindert zwelling van de cellen als
gevolg van het grote verschil in concentratie van opgeloste stoffen buiten en
binnen de cel, de osmotische druk. Zonder de celwand zouden schimmelcellen
lyseren. Tevens beschermt de celwand tegen stoffen uit de omgeving, zoals giftige
verbindingen en enzymen die worden geproduceerd door bacteriën of parasitaire
schimmels. Hoewel de diversiteit in schimmelvormen enorm is, zijn structuur en
componenten waaruit de celwand is opgebouwd vrij goed geconserveerd. 

Opbouw van de Celwand 
De celwand van een schimmelcel bestaat uit een buitenlaag van eiwitten en een
binnenlaag van carbohydraten (Figuur 3, nummer 4, 5 en 6, blz. 15).
Carbohydraten zijn lange ketens (polymeren) van aaneengeregen suiker
moleculen met variabele lengte, die onvertakt of vertakt kunnen zijn. De meest
voorkomende carbohydraat in de natuur is cellulose, een bouwsteen van bomen
en planten welke is opgebouwd uit glucose moleculen verbonden via een (1,4)-β-
binding. Chitine daarentegen, dat de bouwsteen vormt van het exoskelet van alle
geleedpotigen (onder andere insecten), is opgebouwd uit N-acetylglucosamine
(een derivaat van glucose) dat ook gekoppeld is via een (1,4)-β-binding. (Figuur 1,
zie onder). Met andere woorden, carbohydraten zijn een van de meest
voorkomende biopolymeren op aarde.

De carbohydraten in de celwand van de gist S. pombe bestaan
voornamelijk uit lange ketens van glucose moleculen gekoppeld via (1,3)-β-
bindingen en (1,3)-α-bindingen (Figuur 1, blz. 196). Samen vormen zij een stevige
structuur die de gehele cel omhult (Figuur 3 nummer 4, 5 en 6, blz. 15). Niet alleen
de celwand van S. pombe, maar ook die van zeer veel andere schimmels,
waaronder pathogene en opportunistische, zijn opgebouwd uit deze
carbohydraten. Zeer weinig is echter bekend over de biosynthese van deze
polymeren. Zeer recentelijk is door onze groep de chemische structuur van S.
pombe α-glucan bestudeerd en beschreven (Grün et al., 2005). α-Glucan blijkt te
bestaan uit twee gekoppelde 'bouwstenen', elk bestaande uit een keten van
ongeveer 135 (1,3)-α-gebonden glucose eenheden, met aan een van de uiteindes
(het reducerend uiteinde) een korte keten van ongeveer 12 (1,4)-α-gebonden
glucose moleculen (Figuur 2, blz. 197). 

Niet alleen S. pombe bevat celwand α-glucan, ook de pathogene gisten P.
brasiliensis, H. capsulatum, A. fumigatus en C. neoformans bevatten aanzienlijke
hoeveelheden celwand α-glucan (zo'n 45% van het totale gewicht). Spontane
mutanten van deze pathogene schimmels die een sterk verlaagde hoeveelheid α-
glucan in hun celwand bevatten, verliezen hun ziekteverwekkende vermogen. De
studie naar de biosynthese van α-glucan en de mogelijke remming ervan is
belangrijk voor het ontwikkelen van nieuwe antifungale middelen.
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α-Glucan Synthase
In 1998 is door onze groep het eiwit geïdentificeerd dat direct betrokken is bij de
synthese van α-glucan, Ags1p, voor α-glucan synthase proteïne (Hochstenbach et
al., 1998). Ags1p bevindt zich in de plasmamembraan, een membraan dat zich
vlak onder de celwand bevindt en alle organellen in de cel omhult (Figuur 3,
nummer 1, blz. 15). Ags1p bestaat vermoedelijk uit drie eiwit domeinen: een
domein buiten de plasmamembraan (extracellulair) en een domein binnenin de
cel (intracellulair), gekoppeld via een domein dat vermoedelijk een porie vormt in
de plasmamembraan (Figuur 3, nummer 3, blz. 15). Na zorgvuldige bestudering
van het eiwit is er een model voor het functioneren van het eiwit gemaakt. Het
intracellulaire domein is betrokken bij het synthetiseren van de 'bouwsteen', die
vervolgens getransporteerd wordt door de porie in de plasmamembraan, waarna
deze wordt verankerd in de celwand door het extracellulaire domein. 

Celcyclus
Er bestaan twee vormen van celdeling: mitose en meiose. Mitose kenmerkt zich
door het verdubbelen van het genetische materiaal alvorens te delen, terwijl bij
meiose het genetische materiaal per kern na deling gehalveerd is. Bij mitose
behouden de twee dochtercellen de genetische eigenschappen van de ouder. Het
gehele traject van groei en celdeling wordt de celcyclus genoemd. Ruwweg wordt
de celcyclus ingedeeld in twee fasen, interfase, waarin de cellen groeien en ze hun
DNA dupliceren, en mitose, het proces waarin de uiteindelijke splitsing van het
kern-DNA plaatsvindt. Het grootste verschil in celding tussen menselijke cellen
en schimmels (zowel pathogene als onschuldige) is de productie van een
gespecialiseerde celwandstructuur tussen de twee dochtercellen, het septum, dat
bij fysische scheiding de afzonderlijke schimmelcellen stevigheid geeft en behoedt
voor lysis. Het S. pombe septum is een structuur welke stevig verankerd zit in de
celwand en bestaat uit een binnenlaag van lineaire ketens van (1,3)-β-glucan, het
primaire septum, terwijl de buitenlagen dezelfde samenstelling hebben als de
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Figuur 1. Chemische structuur van een stuk (1,3)-αα-glucan en (1,3)-ββ-glucan aanwezig in de celwand, essentieel
voor het behouden van cel integriteit van schimmelcellen. (A) (1,3)-α-Glucan is opgebouwd uit glucose moleculen
gebonden aan elkaar via een (1,3)-α-binding (naar beneden gericht), terwijl bij (1,3)-β-glucan (B) dat via een (1,3)-β-
binding (naar boven gericht) geschiedt. 
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celwand (Figuur 7, blz. 34). De fysieke scheiding van de cellen welke volgt na
septum-synthese is een wezenlijk proces dat specifiek gecoördineerd wordt,
aangezien het de afbraak betreft van een deel van het eigen cel-omhulsel.

Het onderzoek beschreven in dit proefschrift
Hoewel verscheidene studies zijn verricht om te begrijpen hoe
celwandcarbohydraten geproduceerd worden, was voor de start van deze studie
weinig bekend over de mechanismen van afbraak van de celwand. In onze studie
laten wij voor het eerst zien dat celscheiding niet het eenvoudige gevolg is van het
fysisch breken van de twee dochtercellen, maar dat het een sterk gereguleerd
enzymatisch proces betreft waarbij de celscheidingshydrolases Eng1p en Agn1p
een essentiële rol spelen. Verder tonen we voor de eerste maal aan dat ook tijdens
seksuele reproductie in S. pombe, de celwand, in de vorm van de ascuswand, actief
wordt afgebroken om de ascosporen te verspreiden in de omgeving (Figuur 1, blz.
11). Hierbij speelt de (1,3)-α-glucanase Agn2p een belangrijke rol.

Rol van Agn1p in de levenscyclus van S. pombe
Bij het starten van dit onderzoek waren er maar twee eiwitten gekarakteriseerd
die (1,3)-α-glucan kunnen afbreken. Een van deze enzymen, MutAp, bleek sterk
verwant aan twee eiwitten gecodeerd door het genoom van S. pombe, Agn1p en
Agn2p. Hiermee begon het onderzoek om te achterhalen wat hun functie was. 

We zijn gestart met te bepalen of beide genen tot expressie kwamen. Het
bleek dat beide eiwitten gemaakt werden door S. pombe cellen en dat Agn1p naar
buiten getransporteerd werd, terwijl Agn2p intracellulair blijft (Figuur 2, blz. 57).
Om vervolgens te bestuderen wanneer het Agn1p eiwit gemaakt wordt tijdens de
S. pombe celcyclus hebben we het eiwit gelabeld zodat we de productie van Agn1p
konden volgen in de tijd. We ontdekten dat het eiwit gelijktijdig werd gemaakt
met Eng1p, tijdens septum-synthese (Figuur 6A−D, blz. 64). Vervolgens
bestudeerden we of S. pombe cellen veranderden wanneer de cellen Agn1p of
Agn2p niet meer kunnen maken (d.m.v. deletie van het gen dat codeert voor het
Agn1p of Agn2p eiwit). Bij deletie van het agn1 gen bleek dat de cellen niet in staat
waren zich volledig van elkaar te scheiden (Figuur 3, blz. 59), maar dat ze aan
elkaar bleven vastzitten via een restant van de niet-afgebroken celwand, 'the
septum edging' (Figuur 5A, blz. 63; vergroting van twee S. pombe cellen). Om de
exacte betrokkenheid van Agn1p bij celdeling te bestuderen, besloten we om het
eiwit te zuiveren. Agn1p bleek uitsluitend (1,3)-α-glucan te herkennen en af te
breken tot kleinere fragmenten van voornamelijk vijf aan elkaar gekoppelde
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Figuur 2. Celwand αα-glucan is opgebouwd uit twee aan elkaar gekoppelde ‘bouwstenen’. Een ‘bouwsteen’ bestaat
uit een keten van ongeveer 135 (1,3)-α-gebonden glucose eenheden met aan een van de uiteindes een korte keten van
ongeveer 7 (1,4)-α-gebonden glucose moleculen.
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glucose moleculen (Figuur 4F, blz. 60). De studie liet ons zien dat Agn1p een
essentiële rol speelt bij de celscheiding in S. pombe cellen en dat het zeer
waarschijnlijk direct verantwoordelijk is voor de zeer plaatselijke afbraak van het
(1,3)-α-glucan aanwezig in de 'septum edging'. We tonen tevens voor de eerste
maal aan dat celscheiding een zeer gereguleerd proces betreft, waarbij niet alleen
de plaatsing van Agn1p, maar ook de expressie van het agn1 gen sterk
gereguleerd wordt.

In Addendum 1 beschrijven we een studie waarin we de enzymatische
activiteit van Agn1p nog gedetailleerder trachten te karakteriseren. Veel enzymen
die carbohydraten afbreken hebben een overeenkomstige structuur, de
zogenaamde (β/α)8-barrel, waarbij aminozuren die belangrijk zijn voor de
enzymatische functie zich aan de bovenzijde in een groeve van het enzym
bevinden alwaar het substraat kan worden gebonden (Figuur 2, blz 80). Bij Agn1p
en andere (1,3)-α-glucanases zijn de katalytische aminozuren onbekend. Op grond
van vergelijkingen van de aminozuurvolgorde van gekarakteriseerde (1,3)-α-
glucanases hebben we twee kandidaat aminozuren gekozen en deze aminozuren
in S. pombe Agn1p veranderd in katalytisch niet-actieve aminozuren. Vervolgens
zijn deze Agn1p mutanten tot expressie gebracht en bestudeerd. We hebben
gevonden dat de Agn1p mutanten niet de functie konden overnemen van
‘wildtype’ Agn1p (Figuur 5, blz. 83). Deze eiwitten komen niet in het medium
terecht, maar blijven, ofwel (onjuist gevouwen) achter in het organel
verantwoordelijk voor correcte eiwitvouwing, het endoplasmatisch reticulum,
dan wel als goed gevouwen eiwitten gebonden aan de celwand (Figuur 4, blz. 82).
Onze huidige hypothese is dat de Agn1p mutanten goed gevouwen zijn en wel
degelijk worden uitgescheiden, maar dat zij direct binden aan het (1,3)-α-glucan
in de celwand. Aangezien de mutanten niet enzymatisch actief zijn blijven ze
gebonden aan het (1,3)-α-glucan zonder het af te breken. Meer onderzoek zal
echter nodig zijn om deze hypothese te bewijzen.

Rol van Agn2p in de levenscyclus van S. pombe
Voor de start van onze studie was het onbekend hoe de ontwikkelde ascosporen
zich vrijmaakten uit de omhullende ascuswand. In Hoofdstuk 3 tonen we aan dat
de ascuswand enzymatisch wordt afgebroken en dat Agn2p daar een belangrijke
rol bij speelt. We ontdekten dat in cellen die geen Agn2p kunnen maken, de
ascosporen na sporulatie omgeven bleven door ascuswand restanten (Figuur 9B,
blz 67). We vermoedden dat Agn2p mogelijk een rol zou kunnen spelen bij het
afbreken van het (1,3)-α-glucan in de ascuswand. Om dit te testen hebben we het
enzym enzymatisch gekarakteriseerd. We hebben Agn2p tot expressie gebracht in
bacteriecellen en vervolgens gezuiverd (Figuur 1, blz. 94). We laten zien dat
Agn2p, net zoals Agn1p, alleen (1,3)-α-glucan kan afbreken. De eindproducten
zijn voornamelijk moleculen bestaande uit vijf glucose moleculen (Figuur 2, blz.
95 en Figuur 3, blz. 96). We tonen vervolgens direct aan dat Agn2p betrokken is
bij de afbraak van de ascuswand door te laten zien dat de overblijfselen die de
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ascosporen blijven omhullen wanneer de cellen zelf geen Agn2p kunnen maken
wel afgebroken kunnen worden door gezuiverd Agn2p toe te voegen (Figuur 4D,
blz. 97). Met deze studie zijn wij de eerste die aantonen dat ascuswand-afbraak
een enzymatisch proces is.

(1,3)-α-Glucanase MutAp van de plantenparasiet Trichoderma harzianum
In Hoofdstuk 4 geven we een gedetailleerde karakterisatie van het (1,3)-α-
glucanase, MutAp. Dit enzym wordt gemaakt door de schimmel Trichoderma.
harzianum, die behoort tot de mycoparasieten: schimmels die leven van
voedingsstoffen van andere schimmels. Om dit te bewerkstelligen scheidt T.
harzianum verscheidene enzymen uit, waaronder (1,4)-β-glucanases (cellulases),
(1,3)-β-glucanases, (1,6)-β-glucanases en MutAp, die samen de celwand van de
gastheer kunnen afbreken. In tegenstelling tot Agn1p en Agn2p, bestaat MutAp
waarschijnlijk uit twee domeinen: een katalytisch domein en een (1,3)-α-glucan
bindend domein. Om de enzymatische activiteit van MutAp te bestuderen hebben
we het gezuiverd uit een cocktail van door T. harzianum uitgescheiden enzymen
(Figuur 4A, blz. 60). We tonen aan dat MutAp in eerste instantie middenin de
(1,3)-α-glucan keten een glycosidische verbinding verbreekt (een endo-katalytisch
mechanisme) om vervolgens het product vast te houden en verder af te breken tot
enkele glucose moleculen (een processief mechanisme) (Figuur 3 en 6 op
respectievelijk blz. 109 en 112). Dit enzymatisch mechanisme verschilt duidelijk
van dat van Agn1p en Agn2p, die beide ook endo-katalytisch functioneren, maar
niet processief. We vermoeden dat het (1,3)-α-glucan-bindend domein van
MutAp een rol speelt bij de waargenomen processiviteit, maar dit moet nog
worden bewezen.

Regulatie van Celscheiding op Transcriptieniveau
In Hoofdstuk 2 tonen we aan dat celdeling een sterk gereguleerd proces is. Niet
alleen de uitscheiding, maar ook de expressie van Agn1p wordt zorgvuldig
gereguleerd tijdens de celcyclus. Transcriptiefactoren spelen hierbij een
belangrijke rol. Transcriptiefactoren zijn eiwitten die onder bepaalde
omstandigheden aan DNA kunnen binden om via de synthese van boodschapper-
RNA eiwitten te laten produceren. In Hoofdstuk 2 toonden we aan dat de
transcriptiefactor Ace2p verantwoordelijk is voor het aanmaken van nieuwe
Agn1p productie (Figuur 8, blz. 66). Binding van een transcriptiefactor aan het
DNA hangt sterk af van de plaatselijke volgorde van de afzonderlijke eenheden
waaruit DNA is opgebouwd. Deze afzonderlijke DNA componenten zijn adenine
A, thymidine T, cytosine C en guanine G (de basen van de nucleotiden). De
hypothese bestond dat Ace2p heel specifiek bindt aan DNA met de volgorde
CCAGCC. In het DNA-gedeelte dat Agn1p productie reguleert (de promoter)
bevinden zich drie van deze sequenties (Figuur 1B en C, blz. 122). We hebben deze
sequenties alle afzonderlijk, maar ook gezamenlijk, verwijderd uit het promoter
DNA, en het effect ervan op de agn1 promoter-activiteit bestudeerd met behulp
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van een nieuw ontwikkelde techniek. 
De nieuwe techniek maakt gebruik van het gen dat codeert voor een (1,4)-

α-glucanase (genaamd Gaa). S. pombe cellen die dit enzym produceren en
uitscheiden kunnen zeer effectief (1,4)-α-glucan (zetmeel of amylose) afbreken tot
kleinere glucose eenheden. Zetmeel dat in het groeimedium wordt toegevoegd
kan paars worden gekleurd door het te behandelen met jodiumgas. Echter, waar
het zetmeel is afgebroken blijft het medium helder. Dit is zichtbaar als een halo
rondom de gegroeide S. pombe cellen. Hoe meer enzym door de S. pombe cellen
wordt aangemaakt en uitgescheiden, des te groter de halo. We hebben dit in
Hoofdstuk 5 getest door promoters met verschillende activiteiten voor het GAA
gen te zetten. Zoals te zien in Figuur 2C (blz. 123) neemt bij toenemende promoter
activiteit de productie en uitscheiding van Gaa toe en daarmee evenredig de
grootte van de halo. Vervolgens hebben we zowel de normale promoter van agn1
voor GAA gezet als ook de verschillende deletie-combinaties van de CCAGCC
kopieën. Figuur 4 (blz. 126) toont aan dat kopie nummer 1 essentieel is voor de
activiteit van de agn1 promoter. Zonder dit motief wordt Agn1p dus niet gemaakt
en krijgen de cellen moeilijkheden bij celscheiding (Figuur 5, blz. 127). 

In Addendum 2 staat beschreven dat het mogelijk is om de (1,4)-α-
glucanase assay te gebruiken met S. cerevisiae als gastheer voor Gaa expressie. We
tonen aan dat zowel S. pombe als S. cerevisiae gebruikt kunnen worden in deze
assay (Figuur 2 en 3 op blz. 138 en 139). Dit stelt ons in staat om te onderzoeken
of transcriptiefactoren en promoters uit het genoom van S. cerevisiae ook
functioneren in S. pombe en vice-versa, om zo verschillen en overeenkomsten in
transcriptie-regulatie tussen deze gisten te bestuderen.

Samenvattend tonen wij in dit hoofdstuk voor de eerste keer dat de
expressie van de enzymen essentieel voor celscheiding zeer waarschijnlijk
gereguleerd wordt door de celcyclus transcriptiefactor Ace2p in S. pombe. Niet
alleen S. pombe maar ook de modelgist S. cerevisiae en medisch belangrijke
schimmel Candida albicans maken een eiwit nauw verwant aan Ace2p. Na
verwijdering van dit gen uit het genoom van C. albicans verliest de schimmel zijn
virulentie. Dit geeft aan dat het belangrijk is de functie van deze familie van
transcriptiefactoren goed te begrijpen en hun relatie met virulentie te bepalen.

De rol van het Chitinase-achtig eiwit Cts1p in Celscheiding
Hoofdstuk 6 beschrijft de studie naar de functie van S. pombe Cts1p, een eiwit
nauw verwant aan het enzymatisch actieve chitinase Cts1p van S. cerevisiae.
Aminozuursequentie-vergelijkingen suggereren dat Cts1p bestaat uit twee
domeinen, een domein nauw verwant aan gekarakteriseerde chitinases en een
mogelijk 'steelvormig' domein. Doordat in S. pombe Cts1p de katalytische
aminozuren afwezig schijnen te zijn, vermoeden we dat het eiwit niet
enzymatisch actief is. Het S. pombe genoom codeert ook een chitine synthase,
Chs2p. Alle reeds uitgevoerde experimenten suggereren dat ook dit eiwit niet
enzymatisch actief is. Dit is in overeenstemming met het feit dat chitine nooit is
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aangetoond in de S. pombe celwand. Recentelijk is gebleken dat Chs2p bindt aan
een intracellulair eiwit, en daarmee mogelijk functioneert als anker gedurende de
synthese van het septum. 

In Figuur 2 (blz. 150) laten we zien dat het Cts1p eiwit mogelijk betrokken
is bij celscheiding. Onze huidige hypothese stelt dat er een zeer geringe
hoeveelheid celwand chitine of chitine-achtig materiaal wordt gevormd dat grenst
aan de locatie van het nieuw te vormen septum. Mogelijk speelt Cts1p een rol bij
het verankeren van dit chitine aan de celwand. Om te bestuderen of er inderdaad
kleine hoeveelheden chitine worden gemaakt, hadden we enzymatisch actieve
chitinases in S. pombe cellen tot overproductie gebracht. Overproductie van een
van deze chitinases deed de S. pombe cellen lyseren, echter ongeacht chitinase
activiteit (Figuur 4, blz. 153). Waarom de cellen lyseren is vooralsnog onbegrepen
en vereist nieuwe experimenten. De exacte functie van Cts1p blijft eveneens
onduidelijk en vergt extra onderzoek.

De Rol van Ags1p in de Biosynthese van α-Glucan
Het feit dat α-glucan geen homopolymeer is, maar bestaat uit glucose moleculen
gebonden aan elkaar via (1,3)- en (1,4)-α-bindingen, heeft ons ertoe aangezet om
in detail te onderzoeken wat de exacte rol van Ags1p is bij de biosynthese van α-
glucan (Hoofdstuk 7). We tonen aan dat het intracellulaire domein, genoemd
'SYN' voor synthase, qua aminozuurvolgorde nauwe verwantschap vertoont met
(1,4)-α-glucan synthases (Figuur 1, blz. 166). Niet alleen het S. pombe genoom,
maar ook de genomen van medisch belangrijke schimmels zoals C. neoformans en
Aspergillus coderen een Ags1 eiwit.

In deze studie tonen we aan dat het Ags1-SYN domein (1,4)-α-glucan
maakt wanneer deze tot overproductie wordt gebracht. Na overproductie van dit
domein (Ags1p-ΔTGL) in S. pombe cellen bleek dat deze cellen jodiumgas-
detecteerbaar materiaal aanmaken, zichtbaar als een bruine kleur van de cellen
(Figuur 3B, laan 4, blz. 168). Ags1p zonder het intracellulaire SYN domein (Ags1p-
ΔSYN) was niet in staat (1,4)-α-glucan te produceren. Gebaseerd op
aminozuursequentie-vergelijkingen met gekarakteriseerde (1,4)-α-glucan
synthases, muteerden we het vermoedelijk belangrijkste aminozuur voor de
enzymatische functie van het Ags1-SYN domein, aminozuur glutamaat 1526, in
een inactief aminozuur, alanine. Ook al werd dit mutante eiwit sterk tot
overproductie gebracht, het resulteerde niet meer in een accumulatie van (1,4)-α-
glucan (Figuur 3C, laan 2, blz. 168 en Figuur 5, laan 3, blz. 171). Ten slotte keken
we naar het gevolg van deze mutatie voor de in vivo functie van Ags1p. Dit testten
we door gebruik te maken van mutante S. pombe cellen die bij 37°C fout-gevouwen
(niet-functioneel) Ags1p eiwit maken. Dit leidt tot verzwakking van de celwand
en uiteindelijk tot lysis van de cellen. Door Ags1p en mutanten ervan tot
overproductie te brengen konden we bestuderen of de eiwitten in staat waren de
functie van het fout-gevouwen Agsp eiwit over te nemen (complementeren).
Terwijl het hele Ags1p eiwit zoals verwacht wel complementeerde (Figuur 6A,
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blz. 172, vergelijk laan 5 met laan 6), was dat veel minder het geval bij de Ags1p-
E1526A mutant (Figuur 6B, blz. 172, vergelijk laan 2 met laan 3). Deze laatste proef
is belangrijk, aangezien we hierbij aantonen dat de productie van (1,4)-α-glucan
door Ags1p essentieel is voor het overleven van de cel. Onze huidige hypothese is
dat het SYN domein van Ags1p de synthese verzorgt van de korte (1,4)-α-glucan
keten die de twee langere (1,3)-α-glucan ketens aan elkaar verbindt. De grote
vraag wordt nu welk eiwit verantwoordelijk is voor de productie van het (1,3)-α-
glucan.

Conclusies en perspectieven: Wat nu ?
Ondanks de groeiende interesse voor het werken met humane cellijnen blijven
gisten uitstekende modelsystemen om complexe mechanismen van hogere
eukaryoten te bestuderen. Dit proefschrift behandelt echter juist een mechanisme
dat afwezig is bij hogere eukaryoten, de biosynthese en het metabolisme van de
celwand, een structuur afwezig bij dierlijke cellen, maar essentieel voor
schimmels.

We tonen in dit proefschrift voor de eerste maal aan dat α-glucan, dat
essentieel is voor rigiditeit en integriteit van de cel, tevens door de cel zelf kan
worden afgebroken om celscheiding mogelijk te maken. Onze proeven laten
tevens zien dat deze afbraak zeer gereguleerd plaatsvindt, zowel in ruimte als in
tijd. Enerzijds wordt de plaatsing van deze enzymen voor afbraak van de celwand
sterk gereguleerd door een groot eiwitcomplex dat ook aanwezig is bij de mens,
genaamd het exocyst complex. Zonder een functioneel exocyst complex worden
de enzymen niet getransporteerd naar de juiste plek in de cel, waardoor
celscheiding geblokkeerd wordt (Figuur 8, blz. 36). Anderzijds wordt de productie
van deze eiwitten sterk gereguleerd tijdens de celcyclus, door de transcriptiefactor
Ace2p. Het feit dat Ace2p verwante eiwitten ook gecodeerd worden in medisch
belangrijke gisten, opent nieuwe deuren voor onderzoek naar de relatie tussen
deze transcriptiefactor, celscheiding en virulentie van de schimmel.

Een zeer interessante observatie betreft de α-glucan bevattende
pathogene schimmels H. capsulatum, P. brasiliensis en Blastomyces dermatitidis. Deze
dimorfe schimmels nemen in de natuur een (meercellige) schimmelvorm aan,
terwijl ze bij geïnfecteerde patiënten alleen als losse gistcellen worden
waargenomen. Mogelijk is voor deze pathogenen de gistvorm het meest infectieus
doordat ze slechter door het immuunsysteem herkend worden en als enkele cel
eenvoudiger worden verspreid in het lichaam. Het is niet ondenkbaar dat ten tijde
van infectie een celscheidingsmechanisme wordt geactiveerd om van
schimmelvorm over te gaan in een 'single-cel' stadium, waarbij α-glucanases zijn
betrokken. Niet alleen van S. pombe is bekend dat het genoom codeert voor (1,3)-
α-glucanases, het genoom van C. neoformans codeert zelfs vier en A. fumigatus
maar liefst acht verwante (1,3)-α-glucanases. Het zal zeer interessant zijn om hun
cellulaire functie(s) te bestuderen, zeker in het licht van eventuele effecten voor de
mate van virulentie.
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Dankwoord
Nu alles bijna gezegd is mag ook ik het boekje af sluiten met een bedankje aan een ieder
die geluisterd heeft, interesse heeft getoond, hulp heeft geboden en een leermeester is
geweest. Zonder jullie geen Dr. Nick Dekker.

Tevens heb ik dit stukje een persoonlijk tintje gegeven door het (linkshandig) te schrijven.
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