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Chapter 1 

INTRODUCTION 

The yeast cell wall is a main determinant of cellular strength, and plays an 

important role in morphogenesis. It is also the first interface with the environment. It 

has a layered structure, composed mainly of glucan (50%), mannoproteins (50%) 

and a small amount of chitin (1%) (for a review see Klis 1994, Orlean 1997). The 

molecular make-up of the cell wall is known in detail. On the outside of the cell wall, 

exposed to the environment, are the cell wall mannoproteins (see Fig. 1 for a model 

of the molecular architecture of the wall). Two classes of covalently linked cell wall 

proteins can be distinguished. The Pir-protein family consists of 4 members. They are 

highly O-glycosylated and linked, possibly through their O-glycosyl side chains, to the 

underlying (3-1,3-glucan network (Kapteyn et al. 1999b, Mrsa et al. 1997), which 

provides rigidity to the wall. The other class is that of the GPI-dependent cell wall 

proteins, almost 40 in number (Caro et al. 1997, Hamada et al. 1998). In addition to 

O- and N-glycosylation they are modified with a GPI-anchor (Lu et al. 1994). The 

GPI-anchor is cleaved off at the plasma membrane, leaving only a sugar remnant 

(Kollar et al. 1997), and this sugar remnant is linked to (3-1,6-glucan (5 to 10% of the 

wall weight) which in turn is bound to p-1,3-glucan (Kapteyn et al. 1996, Kollar et al. 

1997). On the inside of the wall, a small amount of chitin is bound to the (3-1,3-glucan 

(Hartland et al. 1994). 

Cell growth and development demand that the cell wall is not just rigid and 

unchangable. In fact, the cell wall changes continuously, during growth, during 

different developmental programs such as mating, or sporulation, and in response to 

changes in environmental conditions. Recently, new insights in cell wall biogenesis 

and adaptation have emerged. Here, we will review these findings and relate them to 

the cell wall as a dynamic structure. 

CELL WALL BIOGENESIS DURING THE CELL CYCLE 

During the cell division cycle cell surface expansion in yeast occurs 

asymmetrically. Before bud emergence, secretory vesicles accumulate at the 

incipient bud site (Preuss et al. 1992). From the moment of bud emergence, cell wall 

glucan and mannoproteins are deposited in the bud only, first all over the bud 

surface, but very soon mainly at the tip of the bud: the apical growth phase (Farkas et 

al. 1974, Johnson and Gibson 1966). When the bud has reached a size of 

approximately two thirds of the mother, buds switch to isotropic growth and cell wall 
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Figure 1: A model for the molecular architecture of the yeast cell wall. The internal skeletal 

layer consists of (3-1,3-glucan molecules that form a three-dimensional network surrounding 

the entire cell. This network is strengthened through multiple hydrogen bridges between 

aligned (J-l,3-glucan molecules. At the outside of the skeletal layer cell wall proteins are 

linked to the nonreducing ends of [3-1,3-glucan molecules either directly (Pir-CWPs) or 

indirectly through an interconnecting pM,6-glucan moiety and the remnant of a GPI-anchor 

(GPI-CWPs). Some GPI-CWPs such as Cwplp may be linked both ways. After cytokinesis, 

the skeletal layer becomes strengthened by the coupling of chitin chains to nonreducing ends 

of p-l,3-glucan chains. This takes place mainly at the inside of the skeletal layer. (3-1,6-

Glucan is much more branched than (5-1,3-glucan (Kapteyn et al. 1997, Manners et al. 1973). 

Thus, (3-1,6-glucan probably functions as a flexible tether for GPI-CWPs. For reasons of 

clarity, non-covalently bound proteins and proteins linked through disulfide bridges to other 

cell wall proteins have been omitted. This model is based on data from (Kapteyn et al. 1999a, 

Kapteyn et al. 1999b, Kollar et al. 1995, Kollar et al. 1997, Lipke and Ovalle 1998, Manners 

et al. 1973, Mrsa et al. 1997, Rees 1977), and was copied with permission from Elsevier 

publishers (Smits et al. 1999). 
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material is deposited over the entire bud surface (Farkas et al. 1974). After nuclear 

division is completed, a primary, chitinous septum is generated in the neck region, 

and a secondary septum is deposited on both sides of the primary septum. The 

primary septum is degraded by chitinase, separating mother and daughter (Kuranda 

and Robbins 1991). Hardly any material is deposited in the mother cell wall during 

the entire cell division cycle (Farkas et al. 1974, Johnson and Gibson 1966). 

Glucan metabolism 

Regulation of glucan synthesis 

Glucan, most of which in yeast is p-1,3-glucan, gives rigidity to the cell wall. (3-

1,3-Glucan is synthesized by the (3-1,3-glucan synthase consisting of a catalytic and 

a regulatory subunit. To ensure correct timing and localization of (3-1,3-glucan 

synthesis during the cell cycle several mechanisms are employed. First, transcription 

of FKS1, which encodes the catalytic subunit during growth on glucose, is cell cycle 

dependent, peaking late in G1 phase, shortly before bud emergence (Ram et al. 

1995, Spellman et al. 1998). Second, and probably more importantly, the activity of 

the glucan synthase is regulated by the GTPase Rholp (Drgonova et al. 1996, Mazur 

and Baginsky 1996, Qadota et al. 1996). Interaction between Fkslp and GTP-bound 

Rholp is required for the activity of Fkslp. Rholp activity is regulated by a set of 

proteins. Romlp and Rom2p, which are GDP-GTP exchange factors (GEFs), 

activatie Rholp (Ozaki et al. 1996), while SAC7 and BEM2, encoding GTPase 

activating proteins (GAPs), decrease Rholp activity (Peterson et al. 1994, Schmidt et 

al. 1997) (see Fig. 2E). Fkslp is an integral membrane protein, and Rholp can be 

geranylgeranylated at the C-terminus to facilitate association with the plasma 

membrane. Prenylation, and thus probably membrane localization of Rholp, is 

required for [3-1,3-glucan synthase activity, as a mutation in the beta subunit of yeast 

geranylgeranyltransferase, CDC43, as well as mutations in Rholp that abolish 

prenylation, lead to drastically reduced levels of glucan synthase activity (Inoue et al. 

1999). Prenylation of Rholp thus represents an additional possibility for the control of 

(3-1,3-glucan synthesis. 
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Chapter 1 

Localization of glucan synthesis 

Besides regulating the catalytic activity of the glucan synthase, Rholp is also 

required for its localization and in general for cellular polarization. Rholp is localized 

to active growth sites (Yamochi et al. 1994), as is actin (Adams and Pringle 1984, 

Kilmartin and Adams 1984). For localization of Rholp, Slalp, a protein that is 

important for actin nucleation, is required (Ayscough et al. 1999). Rholp seems 

unable to polarize in unbudded slal mutants, whereas polarization in budded cells 

seems mostly unaffected, indicating that in later cell cycle phases proteins other than 

Slalp are responsible for Rholp polarization. Also, polarization of Rholp requires a 

polarized actin cytoskeleton (Ayscough et al. 1999). Rholp in turn signals to the actin 

cytoskeleton through Bni lp (Fig. 2A), and is required for actin polarization (Delley 

and Hall 1999, Drgonova et al. 1999, Helliwell et al. 1998). Therefore, polarization of 

Rholp and the actin cytoskeleton are mutually dependent. 

Figure 2: Cell wall and actin cytoskeleton signalling pathways through Rholp. Multiple 

inputs lead to alterations and adaptations in the actin cytoskeleton and cell wall biosynthesis, 

and many involve Rholp and Pkclp. However, different inputs remain separate, and have 

different outputs. The top figures show complete pathways: A: In Gl phase nutrient state is 

signaled and leads through Tor2p to polarization of the actin cytoskeleton towards a site for 

bud initiation. B: In G2/M phase glucan synthesis is required for bud growth, and the essential 

function of Rholp is now activation and localization of the glucan synthase. C: Cell wall 

damage activates a combination of responses, including a transient depolarization of the actin 

cytoskeleton, probably to redirect cell wall biosynthetic enzymes to regions where extra cell 

wall strength is required. Pkclp is involved in the repolarization. Cell wall biosynthesis is 

activated both through direct activation of the enzymes involved, and Rholp will activate 

glucan synthase, and through a transcriptional activation of many genes involved in cell wall 

biosynthesis through the PKC1-SLT2 MAP kinase pathway. D: Skn7p is a fourth effector of 

Rholp, and is probably activated in response to oxidative stress. Skn7p is also involved in cell 

wall biosynthesis. E: Inputs and outputs of Rholp signalling remain separated. The GAPs 

Sac7p and Bem2p and the GEFs Romlp and Rom2p might function in maintaining the 

separation, but spatial and temporal cues can also fulfdl a function. Arrows of different colors 

indicate separate signalling. Arrows in black indicate that no specific function or pathway is 

known. 
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Rholp function varies during different phases of the cell cycle. Around 

START, an important role seems to be the polarization of the actin cytoskeleton 

toward the incipient bud site. At this stage, mutants defective in this polarization show 

no significant reduction in glucan synthase activity. However, studies with glucan 

synthase inhibitors showed that in small budded cells, glucan synthesis becomes 

essential for viability. Apparently, Rholp then becomes essential in its capacity as 

regulatory subunit of glucan synthase (Drgonova et al. 1999) (see Fig. 2A and 2B). 

Fkslp itself also localizes to active growth sites (Qadota et al. 1996), and this 

localization is dependent on both Rholp and the actin cytoskeleton (Delley and Hall 

1999). Fkslp polarization also requires the Slt2-MAP kinase pathway (Delley and 

Hall 1999), which can be activated by Rholp (Kamada et al. 1996, Martin et al. 2000, 

Nonaka et al. 1995), and is activated periodically during the cell cycle, particularly 

during periods of polarized growth (Zarzov et al. 1996). Unfortunately, the outputs of 

the Slt2-MAP kinase cascade are not well understood, although it is clear that this 

cascade is involved in transcriptional regulation of an alternative (3-1,3-glucan 

synthase catalytic subunit, FKS2, which is transcribed during growth on carbon 

sources other than glucose, and in response to cell wall stress (see below) (Jung and 

Levin 1999, Zhao et al. 1998), and several other genes involved in cell wall 

biosynthesis (Igual et al. 1996, Jung and Levin 1999). Most likely, more direct 

effectors, i.e. without the involvement of transcription, also play an important role in 

the case of glucan synthesis. Nevertheless, it seems clear that Rholp and the actin 

cytoskeleton together provide the spatial cues for directing the glucan synthase 

catalytic subunit to where it is required, and Rholp is present at those sites to 

activate glucan synthesis. 

Glucan modification 

Whereas, in vitro, p-1,3-glucan synthase generates long, linear chains of 

glucan, the p-1,3-glucan in the wall is a branched polymer (Manners et al. 1973). 

Together with the fact that in a whole-cell system, in which glucan is specifically 

labeled, most laminaribiose is derived from newly synthesized glucan (Coen et al. 

1994), this suggests that the glucan chains are modified during, or shortly after, 

synthesis. Indeed, a whole set of p-1,3-glucan modifying enzymes has been 

identified. Various (in vitro) glucanase activities can be observed in yeast (Hien and 

Fleet 1983a), caused by glycosylated proteins which are non-covalently linked to the 

cell wall (Cappellaro et al. 1998, Klebl and Tanner 1989) and are also found in the 

16 
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growth medium. The major exoglucanase in vegetatively growing cells is encoded by 

EXG1 (Kuranda and Robbins 1987, Nebreda et al. 1986, Vazquez de Aldana et al. 

1991), responsible for 90% of the exoglucanase activity (Santos et al. 1979). The 

major endoglucanase is encoded by BGL2 (Klebl and Tanner 1989, Kuranda and 

Robbins 1987, Mrsa et al. 1993). Bgl2p was later shown to also have 

transglucosylase activity, which is its predominant activity in the presence of relatively 

high concentrations of glucan non-reducing ends, as is the case in the cell wall 

(Goldman et al. 1995). In vitro, Bgl2p transfers (3-1,3-linked oligosaccharides of at 

least 5 residues to the non-reducing terminus of another p-1,3-glucan chain, which is 

at least 4 residues long, and links them through a (3-1,6-linkage, thereby creating a 

kink. Whether actual branches can be created by this enzyme remains to be 

established. 

BGL2 belongs to a family of conserved genes. Deletion of BGL2 does not lead 

to slower growth, suggesting that it is not essential for cell cycle progression. Single 

deletions of two other members of the family, SCW4 and SCW10, also do not lead to 

observable growth defects, but deletion of the fourth member, SCW11, leads to cell 

separation defects (Cappellaro et al. 1998). Surprisingly, deletion of BGL2 leads to 

compensation of the decreased growth rate of a scw4Ascw10A double deletion 

mutant, indicating that the proteins might have opposing effects. Since deletion of 

BGL2 does lead to the disappearance of most of the endo-(i-1,3-glucanase activity in 

the cell, the role of the other members of the family in glucan modification remains 

unclear. 

Another protein involved in modification of the p-1,3-glucan is the GPI-

anchored plasma membrane protein Gaslp. Deletion of GAS1 leads to clear cell wall 

related phenotypes. Cells become large and rounded, and release (3-1,3-glucan 

(some attached to cell wall mannoproteins) into the growth medium (Ram et al. 

1998). GAS1 also belongs to a conserved gene family, but deletion of the other 

family members does not lead to additional phenotypes, even when all four homologs 

are deleted in addition to GAS1 (A.F.J. Ram, personal communication). In vitro, the 

protein catalyzes the hydrolysis of oligosaccharides of different lengths from p-1,3-

glucan chains at least 10 residues long, and the subsequent transfer of the reducing 

end of the released fragment to the non-reducing end of another glucan chain 

(Mouyna et al. 2000), thus elongating existing chains. Contrary to Bgl2p, where the 

new linkage is p-1,6-glycosidic, Gaslp glucosyl transfer leads to a p-1,3-linkage. The 

authors therefore propose that the enzyme extends newly formed, short branches, 
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which might after elongation serve as acceptor sites for cell wall proteins or (3-1,6-

glucan chains. 

Transcription of GAS1 and EXG1 is cell cycle controlled, similar to FKS1, with 

mRNA peaks in G1 phase (Ram et al. 1995, Spellman et al. 1998). Likewise, 

glucanase activity seems regulated in a cell cycle dependent manner (Cortat et al. 

1972, del Rey et al. 1979). It thus appears that glucan synthesis and subsequent 

modification are both cell cycle controlled, presumably in a coordinated fashion. 

Chitin metabolism 

Chitin synthesis and deposition are strictly cell cycle dependent. Shortly before 

budding, chitin is deposited in a ring at the incipient bud site. This ring remains in the 

neck during bud emergence and bud growth, and prevents the neck from widening 

(Shaw et al. 1991). During cell separation the ring remains on the mother, and 

becomes the bud scar ring. This ring prevents stretching of the bud scar, in contrast 

to the birth scar, which is seen on the daughter after cell separation and does not 

contain a chitin ring, and which becomes much larger during the process of cell 

separation. This asymmetric stretching and the resulting shearing forces probably 

facilitate the process of cell separation. 

Another location of chitin incorporation is the septum. After the bud has grown 

sufficiently large, the plasma membrane invaginates and a disk of chitin is formed 

centripetally in the bud neck. Subsequently, material of the secondary septum is 

deposited on both sides of the disk, thus forming a trilayered septum (Cabib et al. 

1969, Cid et al. 1995, Sentandreu and Northcote 1969). After septation, chitin is 

deposited in the lateral wall of the bud (Shaw et al. 1991). To generate this rather 

complex pattern of synthesis and incorporation, three different chitin synthases are 

secreted to the plasma membrane (Chuang and Schekman 1996, Ziman et al. 1996). 

Their activities are differentially regulated by different and separate mechanisms. 

Septum synthesis 

The chitin synthase responsible for the deposition of the chitin disk in the 

septum is CSII, encoded by CHS2 (Shaw et al. 1991, Silverman et al. 1988). CSII 

activity is strictly cell cycle regulated, peaking shortly before cell separation (Choi et 

al. 1994a). Also, Chs2p is localized to the bud neck, but is only present at the end of 

mitosis, during anaphase and telophase (Chuang and Schekman 1996). This strict 

regulation of activity is dependent on a rapid, cell cycle regulated synthesis and 
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subsequent (essentially constitutive) vacuolar degradation of the protein (Choi et al. 

1994a, Chuang and Schekman 1996). What exactly determines the location of the 

protein remains unknown, although the septins, proteins which constitute the 10-nm 

filament ring in the neck, play an important role. In a gin4A mutant, in which the 

septins no longer align in a ring but rather in bars in parallel to the mother-bud axis, 

septation is affected and in many cells chitin is deposited to the sides of the neck 

without closing the septum (Longtine et al. 1998). CSII activity is stimulated in vitro by 

proteolytic cleavage (Sburlati and Cabib 1986, Silverman et al. 1988), but the data 

are not consistent with a model in which this method of activation plays an important 

role in vivo (Ford et al. 1996, Uchida et al. 1996). The means for specific localization 

have yet to be established. However, as around the time of cytokinesisis the actin 

cytoskeleton and secretory system are polarized towards the neck region, the 

restriction of Chs2p presence to a short period of the cell cycle is probably the main 

mechanism for restricting the protein to the bud neck for a short time at mitosis (see 

also chapter 3), and therefore for the localized and temporal synthesis of the chitin 

destined for the primary septum. 

Septum degradation 

For cell separation, the chitinous primary septum synthesized by Chs2p has to 

be dissolved. Yeast possesses a single endochitinase responsible for this process. 

The protein is O-glycosylated and secreted (Correa et al. 1982, Elango et al. 1982, 

Kuranda and Robbins 1991) and is present as a non-covalently bound protein in the 

wall (Cappellaro et al. 1998) and in the growth medium (Kuranda and Robbins 1991). 

Since excessive chitinase activity might perturb cell wall integrity (Cabib et al. 1989, 

Cabib et al. 1992), correct timing and localization of its activity are important. 

For correct timing of chitinase activity, transcriptional regulation is required. 

CTS7, the gene encoding chitinase (Kuranda and Robbins 1987) is transcribed very 

early in the G1 phase of the cell cycle, an action controlled by the transcription factor 

Ace2p (Dohrmann et al. 1992, Dohrmann et al. 1996). Indeed, deletion of Ace2p 

leads to defects in cell separation (Dohrmann et al. 1992). 

The fact that in the birth scar, on the daughter side, no chitin remains, 

whereas in the bud scar a chitin ring is still apparent after the action of the chitinase, 

suggests that either the chitinase acts mostly from the daughter side, or that 

properties such as the accessibility to chitinase, might differ for chitin synthesized by 
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CSII and CSIII (see below) possibly because different proteins are associated with 

the different chitin structures (see chapter 3). 

Cell wall repair 

A second chitin syntase, CSI, encoded by CHS1 has a function in cell wall 

repair. As the primary septum is degraded, holes may form in the birth scar of the 

daughter in the absence of CSI activity (Cabib et al. 1989, Cabib et al. 1992). 

Although CHS1 mRNA is very unstable, the corresponding protein Chslp is not, and 

the in vitro CSI activity is constant during the cell division cycle (Choi et al. 1994a). 

Chs lp has to be proteolytically cleaved in order to be activated, and hardly any 

activity can be measured in vitro if the extracts have not been treated with proteases 

(Orlean 1987). Probably, proteolytic activation is strictly regulated in time and space. 

Although potential endogenous activators of CSI have not been identified, such a 

regulatory mechanism seems sensible for a protein with repair functions. 

The chitin ring and lateral wall chitin 

A third chitin synthase, CSIII is required for synthesis of the chitin ring at the 

future bud site as well as the chitin in the lateral walls of cells (Shaw et al. 1991), and 

therefore for the major part (90%) of chitin in yeast (Bulawa 1992, Shaw et al. 1991). 

The catalytic subunit for CSIII is Chs3p (Valdivieso et al. 1991), which, contrary to 

Chs lp and Chs2p, is metabolically stable (Choi et al. 1994a). Chs3p is the only chitin 

synthase in yeast of which activity can already be measured without proteolytic 

treatment of the membranes. The protein is activated by proteolytic cleavage in vivo, 

and therefore the active fraction represents in vivo activity (Choi et al. 1994a). In a 

chs4A mutant, chitin content and CSIII activity are drastically reduced, whereas 

levels of Chs3p are not (Bulawa 1992, Choi et al. 1994b, Trilla et al. 1997). The 

lowered activity can be compensated for by trypsin treatment of the membranes, 

restoring the Vmax to (trypsin-treated) wild type levels, showing that in this mutant the 

protein is present, but a large fraction is no longer activated in vivo (Trilla et al. 1997). 

Overexpression of CHS4 leads to an increase of CSIII activity (Trilla et al. 1997), 

which can no longer be increased by trypsin treatment (Ono et al. 2000). Sustained 

interaction with Chs4p seems required for the activity of the activated Chs3p (Ono et 

al. 2000). These data suggest that Chs4p is required for proteolyti activation of 

Chs3p in vivo. 
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Chs4p is not only involved in activation of Chs3p, but also appears to play a 

role in correct localization of Chs3p. Chs3p localizes to a ring in unbudded cells, to 

the mother-side of the neck in small-budded cells, to the neck region of large budded 

cells (Chuang and Schekman 1996, DeMarini et al. 1997, Santos and Snyder 

1997b), and to punctate internal structures in all cells (Chuang and Schekman 1996, 

Santos and Snyder 1997b), which correlates with its function in the synthesis of the 

chitin ring shortly before bud emergence and of the lateral wall chitin after cytokinesis 

(Shaw et al. 1991). The localization of Chs3p is dependent on the septins (DeMarini 

et al. 1997), which are located in a ring in the mother-bud neck (for a review see 

Longtine et al. 1996), and which are essential to cytokinesis. Localization of Chs4p to 

a ring in unbudded and small-budded cells, and to the neck of large-budded cells, is 

also dependent on the septins, probably through Bni4p, a protein which directly 

interacts with both Chs4p and one of the septins, CddOp (DeMarini et al. 1997). 

Chs3p and Chs4p are mutually dependent for correct localization (DeMarini ef al. 

1997). Taken together, these data suggest that Chs4p is, through Bni4p, responsible 

for the interaction of the Chs3p-Chs4p complex with the septins. 

Trafficking of Chs3p, the major chitin synthase 

Several other proteins are involved in the secretion and internalization of 

Chs3p and are therefore important for CSIII activity and correct localization of Chs3p. 

One of these is Chs7p, which is an integral membrane protein of the ER and 

specifically involved in ER export of Chs3p, but not Chslp and Chs2p (Trilla et al. 

1999). Overexpression of CHS3 does not lead to an increase in CSIII activity, 

because the excess Chs3p is retained in the ER. However, additional overexpression 

of CHS7 does lead to an increase in CSIII activity (Trilla ef al. 1999), suggesting that 

Chs7p is specifically involved in Chs3p export from the ER and is a limiting factor in 

this process. 

Another protein involved in Chs3p localization is Chs5p. Mutants deleted for 

CHS5 lack 80% of the CSIII activity (Choi ef al. 1994b, Santos et al. 1997a), and 

trypsin treatment can not compensate for this loss (Choi et al. 1994b), suggesting 

that Chs3p is not present in the plasma membrane (Santos ef al. 1997a). Indeed, in 

the absence of Chs5p, Chs3p localizes to punctate internal structures (Chuang and 

Schekman 1996, Santos and Snyder 1997a) but no longer to a ring at the incipient 

bud site or in the neck (Santos and Snyder 1997b). Chs5p itself localizes to similar 

spots, which appear to be late-Golgi vesicles (Santos and Snyder 1997b). Nearly all 
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Chs3p-containing vesicles also contain Chs5p (Santos and Snyder 1997b). Together, 

these data suggest a role for Chs5p in delivery of Chs3p to the correct location in the 

plasma membrane. 

For localization of Chs3p not only transport to the plasma membrane is 

important, but recycling of the protein through an internalization step also seems to 

be involved. Subcellular fractionation indicates that Chslp and Chs3p are present in 

both chitosome and plasma membrane fractions (Ziman et al. 1996, Ziman et al. 

1998). Chitin synthase activity is found in the chitosomes also, but unfortunately data 

on enzymatic activity in the absence of trypsin, which would be a measure for CSIII 

activity, are absent (Flores Martinez and Schwencke 1988, Leal-Morales et al. 1988). 

The chitosomes are distinct from late secretory vesicles based on different physical 

properties such as buoyant density (Flores Martinez and Schwencke 1988, Leal-

Morales et al. 1988) and the absence of other proteins that are secreted to the 

plasma membrane (Chuang and Schekman 1996). 

In cells mutated for END4, involved in the internalization step of endocytosis 

(Raths et al. 1993), Chs lp and Chs3p accumulate in the plasma membrane and 

Chs3p no longer localizes to the cytosolic spots (Chuang and Schekman 1996, 

Ziman et al. 1996). Chs2p trafficking is not affected in end4 mutants (Chuang and 

Schekman 1996). These data show that the chitosomes are, at least partially, derived 

from endocytic material. The question remains whether chitosomes can mature from 

late secretory vesicles or are exclusively endocytically derived. In chs6A mutants, 

newly synthesized Chs3p accumulates in chitosomes that are not endocytically 

derived since they also accumulate in end4 mutants (Ziman et al. 1996, Ziman et al. 

1998). Also, the accumulated Chs3p is active (Bulawa 1992), showing that it has 

matured further than in chs5A mutants where it can not be activated, and showing 

that chitosome characteristics are present before an endocytic step has occurred. 

Whether the properties of endocytically derived chitosomes are similar to the matured 

ones remains to be established, but a likely explanation for the accumulated data is 

the existence of a reversible process where chitosomes can associate with and 

dissociate from the plasma membrane (or recruit material from there) so that a block 

in either step leads to the accumulation of chitin synthase in chitosomes or plasma 

membrane, respectively. The fact that the metabolically stable Chs3p is localized in a 

ring in unbudded, small-budded cells and large-budded cells, but not in medium-

budded (one nucleus) cells (Chuang and Schekman 1996, Santos and Snyder 

1997b) may satisfactorily be explained by the existence of such a redistribution 
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mechanism for Chs3p. In view of the fact that Chslp trafficking is not affected in 

chs6A mutants, although the protein is found in chitosomes and accumulates in the 

plasma membrane in an end4 mutant (Ziman et al. 1996), a different mechanism 

must exist for its redistribution. That such a mechanism exists is highly likely, 

considering the repair function that Chs1 p fulfills. 

Cell wall mannoproteins 

The porosity of the cell wall, as determined by the sensitivity to DEAE-dextran 

(de Nobel et al. 1990a) varies in a cell cycle dependent manner, being minimal 

around telophase. The porosity of the cell wall is determined by the glucanase 

extractable mannoproteins in the wall (de Nobel et al. 1990b, Zlotnik et al. 1984) the 

bulk of which seems to be incorporated shortly before cell separation (de Nobel et al. 

1991). This indicates that cell cycle regulated properties of the wall could be caused 

by the presence or absence of certain cell wall proteins. Indeed, the yeast genome 

encodes approximately 40 different GPI-dependent (Caro et al. 1997, Hamada et al. 

1998) and 4 Pir cell wall mannoproteins, which are all covalently bound to p-1,3-

glucan (Kapteyn et al. 1999b, Mrsa et al. 1997, Yun et al. 1997). More than 50% of 

the genes encoding these cell wall proteins are transcribed in a cell cycle dependent 

manner (Caro et al. 1998, Cho et al. 1998, Spellman et al. 1998). Most of these are 

transcribed in M/G1 phase (Spellman et al. 1998), corresponding with the 

incorporation of most of the protein before cell separation. 

Although the expression of many cell wall proteins is cell cycle dependent, 

their role in the cell division cycle is largely unknown. The cell wall protein Cwp2p 

appears to be involved in the cell cycle dependent susceptibility of yeast to the fungal 

inhibitor peptide nisin (Dielbandhoesing et al. 1998) but Egt2p is the only cell wall 

protein for which a role in cell cycle progression is known. EGT2 was identified as an 

early G1 transcript, and its transcription is regulated by Swi5p (Kovacech et al. 1996), 

which is active at the same time as Ace2p, the transcription factor that regulates 

chitinase expression. Deletion of EGT2 leads to a delay in cell separation, indicating 

an involvement of this GPI-dependent cell wall protein in the degradation of the 

primary septum. 

Several cell wall proteins are found in regions of the wall that correlate with the 

polarization of the secretory pathway around their time of expression (Chapter 3 of 

this thesis, Rodriguez-Peha et al. 2000). For two of these proteins, Tip lp and Cwp2p, 

the timing of transcription has been shown to determine the incorporation pattern 

23 



The dynamics of cell wall biogenesis in yeast 

(see chapter 3). A third cell wall protein, Cwplp, is localized to the birth scar. For this 

to happen, correct timing of transcription is important but not the only determining 

factor. Localization of Cwplp seems also dependent on the presence and correct 

localization of the chitin in the septum, synthesized by Chs2p. For none of these 

proteins, however, could a role in cell cycle progression be observed (see chapter 3). 

Crhlp and Crh2p localize to chitin-rich areas in the wall (Rodriguez-Pena et al. 

2000). These proteins show homology to glycosidases, and the conserved 

glycosidase domains are required for their function in conferring resistance to cells 

with respect to lytic enzymes. This suggests they have a role in cell wall construction, 

possibly with specific functions during the cell cycle (Rodriguez-Pena et al. 2000). 

Traditionally, cell wall proteins have been studied in view of their function in 

cell wall integrity and resistance to lytic enzymes and cell wall perturbing agents. The 

findings that cell wall protein expression is strictly controlled and that the proteins are 

often localized within specific regions of the cell wall point towards other possibilities. 

It would be interesting to assess their role in the establishment of polarity and cellular 

morphology. 

Coupling of cell wall macromolecules 

Although the linkages between the different cell wall components have been 

described in some detail (Kapteyn era/. 1995, Kapteyn et al. 1996, Kollar et al. 1995, 

Kollar et al. 1997), the coupling enzymes involved in the generation of these links 

have not been identified. The coupling of chitin to (3-1,3-glucan seems to occur in a 

cell cycle dependent manner. Two chemically separable pools of (3-1,3-glucan exist 

in the wall: alkali-soluble and alkali-insoluble glucan. The alkali-soluble fraction was 

shown by pulse-chase analysis to be a precursor to the alkali-insoluble fraction 

(Hartland et al. 1994), and the insolubility depends on the binding of chitin to the 

glucan (Mol and Wessels 1987). The two different pools of glucan both increase in a 

cell cycle dependent manner, but whereas the amount of alkali-soluble glucan 

increases most during bud formation, in agreement with the presumed glucan 

synthase activity in the bud, the alkali-insoluble glucan only increases around the 

time of cell separation, concurrent with chitin incorporation into the lateral wall 

(Hayashibe et al. 1977). It is to be expected that enzymes exist involved in the 

cleavage of the GPI-anchor of the GPI-proteins, and the subsequent attachment to (3-

1,6-glucan, as well as enzymes involved in coupling (3-1,6-glucan to (3-1,3-glucan, 

and the coupling of chitin to both glucans. Also, it would be likely that these enzymes 
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act in concert, so that for example released proteins are kept in the wall and are not 

washed out into the growth medium. 

CELL WALL BIOGENESIS DURING SPECIFIC DEVELOPMENTAL PROGRAMS 

Mating 

Haploid yeast cells constitutively secrete mating pheromones. When cells 

detect pheromones of the opposite mating type, the pheromone response MAP 

kinase pathway is activated through a trimeric G-protein (reviewed in Gustin et al. 

1998), cells arrest cell division in G1 phase, and form a mating projection through the 

polarization of the actin cytoskeleton and the secretory system in the direction of 

increasing pheromone concentrations. Such cell are called shmoos. After contact is 

made through complementary adhesion proteins in the cell wall ("agglutination"), 

vesicles accumulate close to the contact zone, the walls in this zone are degraded, 

and the plasma membranes and eventually their nuclei fuse to form diploid zygotes. 

The zygotes can then start cell division and continue vegetative growth (Gammie et 

al. 1998, Marsh and Rose 1997). 

During the formation of the mating projection the cell wall changes. For sexual 

agglutination, three specific cell wall proteins are required. Alpha cells express the 

GPI-dependent cell wall protein Saglp, and a cells the binding subunit Aga2p, that is 

linked via a disulfide bridge to the GPI-dependent anchor subunit Agalp. Saglp and 

Aga2p become highly expressed when the cells are exposed to mating pheromones, 

and are deposited mostly in the shmoo tip (for a review see Lipke and Kurjan 1992). 

The two proteins interact in a highly specific manner, resulting in very strong binding 

of the cells. Also, the amount of glucan in the wall is increased, and the degree of 

mannosylation of proteins is decreased, rendering the cells more susceptible to 

glucanases (Lipke et al. 1976, Ruiz and Rodriguez 1989). The amount of chitin in the 

cell wall of the mating projection is drastically increased, and instead of a well defined 

ring a diffuse ring is seen at the base of the mating projection (Schekman and 

Brawley 1979). Responsible for this deposition of chitin is Chs3p (Cos et al. 1998), 

the chitin synthase involved in synthesis of the chitin ring and the chitin in the lateral 

wall, as well as the chitin synthesis in response to cell wall damage (Osmond et al. 

1999). However, neither Chs3p nor Chs4p is essential for cell fusion (Roncero et al. 

1988). Interestingly, chs5A mutants do have cell fusion defects (Santos et al. 1997a). 
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Chs5p is involved in correct localization of Chs3p, but possibly also in trafficking of 

other proteins that have a role in fusion. 

The increased chitin deposition during shmoo formation is a response to the 

weakening of the shmoo cell wall (See section on cell wall stress), since shmooing 

and mating cells require the cell wall stress sensor Mid2p and the PKC1-SLT2 cell 

wall integrity pathway for survival (Errede et al. 1995, Irie etal. 1993, Ono et al. 1994, 

Paravicini etal. 1992). 

Several mutants have been identified that are defective in fusion; designated 

fus mutants (Brizzio et al. 1998, McCaffrey et al. 1987, Trueheart et al. 1987, 

Trueheart and Fink 1989). The vesicles that normally accumulate in a highly 

polarized fashion at regions of cell wall thinning that takes place at the zone of fusion 

are often dispersed in these mutants (Gammie etal. 1998). In many cases, however, 

the FUS genes do not seem to be directly involved in the cell wall remodeling 

required for fusion. FUS3, for example, encodes the MAP kinase in the mating signal 

transduction pathway (Elion et al. 1991), and FUS5/AXL1 and FUS8/RAM1 are 

involved in a-factor biosynthesis (Brizzio et al. 1996). An interesting candidate for 

direct involvement in cell wall remodeling is FUS1, encoding a glycosylated 

transmembrane protein of which the N-terminus extends outside the plasma 

membrane (Trueheart and Fink 1989). 

For the degradation of the wall in the fusion region, cell wall degrading 

enzymes are expected to be delivered there, which might explain the vesicle 

accumulation. Indeed, a family of secreted glucanases, with homology to the glycosyl 

transferase Bgl2p, has been identified, two of which are important for mating 

(Cappellaro et al. 1998). Yeast mutated for both scw4 and scw10 shmoo and 

agglutinate normally, but the prezygotes do not fuse. 

Although cell wall proteins are generally important for agglutination and fusion, 

one GPI-dependent cell wall protein has a specific role in zygote formation. It was 

first identified based on its increased transcription in cells exposed to high 

concentrations of mating pheromone, and was named Fig2p. Deletion of the gene 

does not lead to decreased, but rather to slightly increased agglutination. However, 

after the cell wall barrier between the haploids has been dissolved and the 

membranes are fused, karyogamy is not possible because the bridge between the 

two haploids is too narrow to allow nuclear migration (Erdman et al. 1998). This 

indicates that cell wall proteins can serve specific roles in cellular morphology, in this 

case determining the width of the neck. 
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Pseudohyphal growth 

In diploid yeast, the lack of suitable nitrogen sources in the presence of a 

sufficient carbon source leads to the induction of pseudohyphal growth. During 

pseudohyphal growth, cells become elongated and stay attached to the mother, the 

budding pattern changes to one where cells bud exclusively from their distal pole, cell 

division of the daughter becomes synchronized with that of the mother because the 

G2 phase is elongated, and cells acquire the ability to invade solid growth media 

(Gimeno et al. 1992, Kron et al. 1994). On plates, this leads to extended, frayed 

colonies that also grow below the surface of the agar, and the combined changes are 

suggested to facilitate foraging for suitable nutrients. Haploid yeast shows a similar 

growth type after prolonged incubation on rich medium plates. The cells form chains 

and invade the agar on the edges of the colony, but they do not become elongated. 

This growth type is referred to as haploid invasive growth (Roberts and Fink 1994). 

For the opportunistic pathogen Candida albicans, the ability to infect a host 

depends on the ability to grow (pseudo)hyphally (Lo et al. 1997). For this organism 

evidence has accumulated that walls of the hyphal and yeast forms differ. 

Differences in antigenicity, and later differences in chitin levels, cell wall composition 

and protein incorporation have been observed (see a.o. Chaffin et al. 1998, Kapteyn 

et al. 2000, Munro et al. 1998). Based on these observations one may expect similar 

differences between yeast and pseudohyphal cells in Saccharomyces cerevisiae. 

More than one signal transduction pathway is involved in signaling for 

pseudohyphal growth. A MAP kinase pathway (the filamentous growth pathway) 

sharing components with the mating MAP kinase cascade is crucial (reviewed in 

Gustin et al. 1998, Liu et al. 1993), but another input is through a G protein to Ras2p, 

relaying a signal via PKA (Gimeno et al. 1992, Kubler et al. 1997, Lorenz and 

Heitman 1997, Pan and Heitman 1999, Robertson and Fink 1998). These pathways 

are interconnected, since, for example, Ras2p can activate the filamentous growth 

MAP kinase cascade (Mosch et al. 1996), but they also have separate outputs, as 

signalling through PKA does not require the MAP kinase (Pan and Heitman 1999). 

Both signaling pathways converge on a common important output (Rupp et al. 

1999), the GPI-dependent cell wall protein Flo11p, which plays a central role in 

pseudohyphal growth, and the presence of which is sufficient to induce invasion and 

frayed colony morphology even in the absence of signaling (Lambrechts et al. 1996, 

Lo and Dranginis 1996, Lo and Dranginis 1998). Yeast mutated for FL011, which in 

diploids is transcribed only when nitrogen is limiting, can no longer invade solid 
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media and colonies loose their frayed edges, suggesting that cell elongation or 

budding pattern might also be affected. Interestingly, in a diploid strain deleted for 

SFL1, a transcription factor involved in pseudohyphal growth signaling, some agar 

invasion and branched colony shape can occur in the absence of Flo11p, suggesting 

that this protein, although important, is not the only factor that can generate these 

phenotypes (Robertson and Fink 1998). 

The fact that mothers and daughters stay attached in the pseudohyphal mode 

of growth is another important factor contributing to the ability to invade agar 

(Gimeno et al. 1992). If transcription of CTS1, encoding the chitinase involved in 

degradation of the primary septum, is abolished, either by deleting the gene or by 

deleting the transcription factor ACE2, cells invade the agar (King and Butler 1998). 

Indeed, in yeast strains that have the ability to grow pseudohyphally, chitinase 

activities are much lower than in strains that can not. Concluding, we can say that the 

cell wall is crucial to pseudohyphal growth. The proteins incorporated in the wall and 

cell wall chitin metabolism are important determinants for the abiltity to invade agar, 

one of the most striking features of pseudohyphally growing cells. 

Sporulation 

Upon starvation for both carbon and nitrogen sources, diploid yeast cells enter 

meiosis to generate four haploid spores (for a review see Kupiec et al. 1997). These 

spores are formed within the old cell, which now becomes the ascus, and are 

surrounded by their own ascospore walls. These walls are very different from walls of 

vegetatively growing cells, and are designed to resist most environmental stresses. 

The inner layer of the spore wall is composed mainly of glucan and mannan, similar 

to vegetative cell walls (Briza et al. 1988). The inner layer is surrounded by a layer of 

chitosan (Briza et al. 1988), which is deacetylated chitin, and thus resistant to the 

action of chitinases. On the outside of the spore wall is a proteinaceous layer which 

is made highly insoluble through dityrosine cross-links, a sporulation specific 

compound of D- and L-tyrosine residues covalently linked through their phenyl side-

chains, and which amounts to 50% of the outer layer polypeptide (Briza et al. 1990, 

Briza et al. 1986). Together, these layers render the spores resistant to amongst 

others Glusulase and Zymolyase, heat stress and ether (Briza et al. 1988). 

Although the inner two layers appear to have a general composition similar to 

that of the vegetative wall, the details are different. For example, Fks2p appears to 

be the glucan synthase used during sporulation (Mazur et al. 1995), and micro-array 
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studies suggest that the cell wall protein population differs, with all the genes for the 

Pir proteins downregulated, as well as SED1, SPI1 and CRH1 and CRH2, and genes 

such as TIR2, and YOR214c upregulated. Several members of the glycosyl 

transferase GAS family are downregulated to make place for others, and almost all 

genes in the BGL family are downregulated, whereas two sporulation-specific 

glucanases become expressed (del Rey et al. 1979, del Rey et al. 1980, Hien and 

Fleet 1983b, Muthukumar et al. 1993). 

For biosynthesis of the chitosan layer, chitin synthesized by Chs3p serves as 

a precursor. This is then deacetylated by two different sporulation-specific chitin 

deacetylases, Cdalp and Cda2p (Christodoulidou et al. 1996, Christodoulidou et al. 

1999). Whereas deletion of CDA2 leads to the absence of the chitosan as well as the 

dityrosine layer, deletion of CDA1 causes the absence of the dityrosine layer but 

leaves most of the chitosan layer intact. 

For the formation of the dityrosine layer L-tyrosine is first dimerized in two 

steps to L,L-dityrosine, and the L,L-dityrosine is then epimerized into D,L-dityrosine. 

Both L,L- and D,L-dityrosine are then incorporated into a polypeptide with other 

amino acids, and this polypeptide forms the outer layer of the spore wall. Two 

sporulation specific genes, DIT1 and DIT2, are required for the process of 

dimerization, possibly together with CPR1 (Briza et al. 1994, Briza et al. 1990). 

Sporulation is a process of multiple phases, recognizable not only by the 

different meiotic phases and progression of spore morphogenesis, but also by a 

phased transcriptional program (Chu et al. 1998). Spore wall biosynthesis also 

appears to be of a sequential nature. For example, the dityrosine layer is not 

deposited if the chitosan layer is absent or severely defective, as in glucosamine 

auxotrophs (Christodoulidou et al. 1996, Wagner et al. 1999, Whelan and Ballou 

1975), and spore walls missing both outer layers have been observed (Wagner et al. 

1999), but spores containing the two outer layers but missing the inner layers have 

never been described. 

Spore wall morphogenesis is controlled by the MAP kinase Smklp (Krisak et 

al. 1994), with Spslp as a potential upstream activator (Friesen et al. 1994). Other 

members of the MAP kinase module have not yet been identified. Interestingly, 

subsequent phases in spore wall biogenesis appear to require increasing SMK1 

activities (Wagner et al. 1999). For the completion of the glucan-rich inner layers less 

SMK1 activity is required than for the chitosan layer, and the completion of the 

dityrosine layer requires additional SMK1 activity. 
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CELL WALL BIOGENESIS IN RESPONSE TO CELL WALL STRESS 

The response to stress signals 

Many organisms have devised mechanisms to defend themselves against 

fungal invasion. Many of these mechanisms target the cell wall, since it is an 

organelle essential to the fungus, and sufficiently different from that of plants or other 

hosts. Yeast has developed a mechanism to compensate for these attacks. This 

response mechanism, often called the cell wall integrity pathway, can be activated in 

various ways. It is activated in response to glucanases or other cell wall lytic 

enzymes (de Nobel et al. 2000), in response to cell wall weakening mutations (Bickle 

et al. 1998, Ram et al. 1998), or hypo-osmotic stress (Davenport et al. 1995), but 

also, and probably less specifically, to heat stress (Kamada et al. 1995). Three main 

responses can be distinguished. First, the synthesis of several cell wall components 

is increased. (3-1,3-Glucan synthesis is upregulated by the transcriptional activation of 

the alternative glucan synthase FKS2 (Kamada et al. 1996, Zhao et al. 1998), and 

probably also more directly through activation of the regulatory subunit Rholp (Bickle 

et al. 1998). Chitin synthesis is drastically increased, and the chitin content of cell 

walls, normally 1-2%, can increase to over 20% (Dallies et al. 1998, Kapteyn et al. 

1997, Kapteyn et al. 1999a, Popolo et al. 1997, Ram et al. 1998). The transcription 

and incorporation of several cell wall proteins increase (de Nobel et al. 2000, Jung 

and Levin 1999, Kapteyn et al. 1999a, Ram et al. 1998), probably to protect the 

glucan layer against lytic enzymes. Second, the cell switches to alternative 

mechanisms for incorporation of cell wall proteins. When (3-1,3-glucan in the wall 

decreases, GPI-dependent cell wall proteins become linked through a direct binding 

of (3-1,6-glucan to chitin, which is consistent with the increased chitin availability 

(Kapteyn et al. 1997). If (3-1,6-glucan is deficient, the amount of (5-1,6-glucanase-

resistant mannoproteins increases, suggesting that a larger fraction of cell wall 

proteins becomes incorporated by binding directly to p-1,3-glucan and chitin (Kapteyn 

et al. 1999a), probably because the levels of Pir proteins increase. The third 

response ensures that cell wall strengthening can occur where weakening takes 

place. Whereas the actin cytoskeleton and the glucan synthase are normally focused 

to active growth regions, upon cell wall stress (induced by SDS or Zymolyase) they 

are redistributed all over the cell (Delley and Hall 1999). This depolarization is 

transient, and after a while both the actin cytoskeleton and the glucan synthase 

repolarize. Chs lp and/or Chs3p, the chitin synthases functioning in cell wall repair 
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and in chitin synthesis in the lateral wall, could also be redistributed, since they can 

both be relocalized to chitosomes after an endocytic step (Chuang and Schekman 

1996, Ziman et al. 1996) and probably be redirected to a new plasma membrane 

location. 

Presumably, the cell does not respond to different cell wall defects in specific 

ways, but rather senses cell wall weakening as such and activates all processes that 

could help maintain cell wall integrity. Also, the net result of these responses is that 

the cells become resistant to glucanases and other cell wall disturbing agents, but 

also to heat stress, showing that the different input signals leading to activation of the 

response mechanism all lead to a strengthened wall, which is important for tolerance 

to various forms of stress (de Nobel et al. 2000). 

Detection of stress signals and signal transduction 

In the past couple of years, the signal transduction pathway leading to cell wall 

stress-induced responses has been largely elucidated. The role of the PKC1-SLT2 

signaling module (Lee ef al. 1993, Lee and Levin 1992, Levin et al. 1990) is well 

established. This module was shown to be involved in heat shock response (Kamada 

et al. 1995), osmotic stability (Davenport ef al. 1995, Shimizu et al. 1994) and cell 

wall biosynthesis (Igual et al. 1996, Roemer et al. 1994). Since the phenotypes of 

strains mutated for the components of the MAP-kinase module downstream of P k d p 

are less severe than those of pkdA (see, among others Lee and Levin 1992), other 

downstream effectors of P k d p must exist, but these have not yet been identified. 

Cell wall defects are sensed in the plasma membrane, possibly in a way that 

involves membrane stretch (Kamada et al. 1995). A set of single-span integral 

membrane proteins Hcs77p, Wsc2p, Wsc3p, Wsc4p and Mid2p are the probable 

sensors (Gray et al. 1997, Jacoby et al. 1998, Ketela et al. 1999, Rajavel ef al. 1999, 

Verna et al. 1997). Although deletion of WSC2 and WSC3 enhances phenotypes of a 

hcs77A mutant (Verna ef al. 1997), and mid2A and hcs77A are synthetically lethal 

(Ketela et al. 1999, Rajavel et al. 1999), a direct role in the response to cell wall 

damage has only been shown for Mid2p (de Nobel et al. 2000, Ketela ef al. 1999, 

Martin ef al. 2000). High temperature and cell wall perturbing agents induce dual 

phosphorylation of Slt2p in a mechanism dependent on Mid2p but not on Hcs77p (de 

Nobel ef al. 2000, Martin ef al. 2000). On the other hand, depolarization of the actin 

cytoskeleton in response to high temperature is dependent on Hcs77p, although not 

completely (Delley and Hall 1999). 
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Downstream of the sensor, Rholp is activated by cell wall stress (Bickle et al. 

1998) through the activation of the exchange factor Rom2p (Fig. 2C). Rholp can 

directly activate glucan synthesis through interaction with Fkslp or Fks2p (Drgonova 

et al. 1996, Mazur and Baginsky 1996, Qadota et al. 1996), but it can also bind and 

activate Pk t fp (Kamada et al. 1996, Nonaka et al. 1995), and so activates Slt2p. 

Activation of Slt2p is transient, and deactivation is dependent on the Rho1p-GAP 

Sac7p (Martin et al. 2000). Interestingly, although depolarization of the actin 

cytoskeleton and Fkslp after heat shock and cell wall stress are not dependent on 

P k d p , the repolarization that takes place after approximately two hours is dependent 

on P k d p and Slt2p, showing that the PKC1-SLT2 pathway is required for the 

reinitiation of growth. The depolarization reaction is also activated in response to 

overactivation of Rholp or P k d p , but not by downstream components of the PKC-

SLT2 pathway, suggesting that other effectors of Rholp or P k d p are involved 

(Delley and Hall 1999) (See Fig. 2C). 

MAP kinase cascades often activate transcription factors. A transcription factor 

downstream of the Slt2-MAP kinase module is Rlmlp (Dodou and Treisman 1997, 

Jung and Levin 1999, Watanabe et al. 1995, Watanabe et al. 1997), but it is not the 

only one involved in the transcriptional response to cell wall stress. Deletion of RLM1 

does not lead to defects in cell wall integrity (Watanabe et al. 1997), and, more 

importantly, binding sites for Rlmlp in the promoter of FKS2, the best defined target 

of the PKC1-SLT2 pathway, are present and involved in transcription activation 

(Zhao et al. 1998), but the region of the FKS2 promoter responsible for heat shock 

activation of the gene through the PKC1-SLT2 pathway is separate from that 

containing the Rlmlp binding sites. This suggests that another, currently unknown, 

transcription factor might be involved (Zhao et al. 1998). Surprisingly, transcriptional 

activation of all other genes induced by overactive Mkklp, the MAP kinase kinase in 

the PKC1-SLT2 pathway, was abolished in a rlmlA mutant (Jung and Levin 1999), 

indicating that FKS2 is an exceptional case, although crucial to the cell wall stress 

response. Possibly, cooperation of Rlmlp with other factors that bind the promoter is 

required, as is the case for Ste12p, another transcription factor downstream of MAP 

kinase pathways (Gavrias et al. 1996, Oehlen et al. 1996). 

Other cell wall related genes of which the transcription is activated by P k d p 

are FKS1, GAS1, BGL2, and CHS3, as well as several genes encoding cell wall 

proteins such as CWP1, SSR1 and several Pir proteins (Igual et al. 1996, Jung and 

Levin 1999, Shimizu et al. 1994). The first three indicate that glucan synthesis and 
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modification are changed in response to cell wall stress, which could lead to altered 

rigidity of the wall, but could also function in altering the type of linkage used to 

incorporate proteins in the wall. The cell wall proteins of which transcription is 

activated are indeed the proteins that become more prominent in the wall in response 

to cell wall stress, (Kapteyn et al. 1997, Kapteyn et al. 1999a) including the Pir 

proteins which can explain the increase in (3-1,6-glucanase resistant proteins. The 

increased transcription of CHS3 indicates that CSIII is the chitin synthase responsible 

for the increase in chitin content in stressed cells. This is corroborated by the 

observation that the Calcofluor white hypersensitivity caused by overexpression of 

MID2 is completely relieved in a chs3A mutant (Ketela et al. 1999). 

There are two major unsolved questions regarding the cell wall damage 

response pathway. First, it is clear that the MAP kinase module is not the only output 

of P k d p activation, and the other outputs involved in cell wall integrity remain largely 

unknown. They have to do with the depolarization of growth and possibly also with 

aspects of cell wall reorganization that have not been extensively discussed such as 

the changes in linking the different cell wall components. Possibly, the synthesis and 

structure of (3-1,6-glucan are also affected. 

The second question, which is of more general interest, is how different inputs, 

through different sensors, can lead to different outputs even if they are relayed 

through the same pathway. In this regard, Rholp is particularly enigmatic. It has at 

least four different effectors ,Bni1p (Fig. 2A), glucan synthase (Fig. 2B), P k d p (Fig. 

2C) and the yeast response regulator Skn7p (Fig. 2D) (see Fig. 2E) (Alberts et al. 

1998, Drgonova et al. 1996, Kohno et al. 1996, Nonaka et al. 1995, Qadota et al. 

1996), that do not all have to be activated at the same time. Rholp is, through 

Rom2p, activated by the phosphatidylinositol kinase homolog Tor2p (Schmidt et al. 

1997). Tor2p is involved in the regulation of translation initiation and through that in 

cell cycle progression in G1, probably in response to nutritional conditions (Barbet et 

al. 1996, Di Como and Arndt 1996)(Fig. 2A). Also, it has a separate function in the 

organization of the actin cytoskeleton in G2/M phase (Helliwell et al. 1998a, Schmidt 

et al. 1996). This last function requires Rholp and Rom2p (Helliwell et al. 1998a, 

Schmidt et al. 1997), and the Rholp effector P k d p and the downstream MAP kinase 

module, but not Bnilp, Fkslp or Skn7p (Helliwell et al. 1998b) (Fig. 2B). 

Furthermore, Rholp has different functions during different phases of the cell cycle, 

as described above: it is required for the polarization of the actin cytoskeleton in G1, 
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and for glucan synthase activation during bud growth (Drgonova et al. 1999). Since 

pkd mutants have not been shown to have actin polarization defects, P k d p is not 

required for the cell cycle regulated polarity of the actin cytoskeleton, and the role of 

Rho lp in G1 phase polarization probably does not require P k d p . The likely 

candidate would then be Bni lp, which interacts with profilin and affects the actin 

cytoskeleton of unbudded cells (Imamura et al. 1997, Kohno et al. 1996) (Fig. 2A). 

The signal for activation might be Tor2p, required for cell cycle progression in G1 

phase. 

During bud emergence and growth, Rholp might primarily activate Fkslp. Its 

role in activation of the cell wall stress response through P k d p should take place 

only when the cell is compromised (Fig. 2B and 2C), which also explains why Mpklp 

phosphorylation in response to heat shock is not altered in a tor2ts mutant, which has 

no detectable cell wall defects (Helliwell et al. 1998b) (Fig. 2A and 2C). It is also 

interesting to note that in a hcs77A mutant, cell division control and nutrient response 

seem affected (Ivanovska and Rose 2000), whereas this plasma membrane protein 

is thought to be involved in cell wall damage sensing. Possibly, loss of components 

of the signaling pathway leads to a loss of specificity of the responses. 

Similar specificities in responses to different input signals have been 

described for other small GTPases (Reif et al. 1996). Specificity might be generated 

through specific localization, or through interaction with different co-factors, and both 

these possibilities might be temporally or spatially regulated. For both functions 

requiring activity towards the actin cytoskeleton, the exchange factor Rom2p is 

required (Bickle et al. 1998, Schmidt et al. 1997) (Fig. 2E). However, there is at least 

one other exchange factor, Romlp, that can activate Rholp, and no specific role for 

that is yet known (Ozaki et al. 1996). Also, Sac7p, the GTPase activating protein for 

Rho lp (Schmidt et al. 1997), functions downstream of Tor2p, and inactivates the 

P k d p pathway (Martin et al. 2000, Schmidt et al. 1997), but a second GAP, Bem2p, 

involved in bud emergence, is also present without a specific role (Kim et al. 1994, 

Peterson et al. 1994) (Fig. 2E). This, and other as yet unidentified factors, may help 

solve the problem of how one protein can mediate specific responses to specific 

inputs. 

PERSPECTIVES 

The cell wall of yeast has been the object of study for many years, but it was 

considered to be of limited interest to cell biologists. Much was known biochemically 
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(Fleet 1991), but only recently, with the use of specific enzymes and advanced 

chemical techniques, has the architecture of the cell wall been determined in detail 

(Kapteyn et al. 1995, Kapteyn et al. 1996, Kapteyn et al. 1999a, Kollar et al. 1995, 

Kollar et al. 1997). Since the cloning of the first glucan synthase by multiple groups 

(Castro et al. 1995, Douglas et al. 1994, el-Sherbeini and Clemas 1995, Eng et al. 

1994, Garrett-Engele et al. 1995, Inoue et al. 1995, Ram et al. 1995) and the 

discovery of the involvement of the molecular switch protein Rholp in its regulation 

(Drgonova et al. 1996, Qadota et al. 1996), the dynamic nature of the rigid wall has 

become evident. Also, the completion of the sequencing of the yeast genome and the 

subsequent accumulation of whole-genome transcriptional data has provided new 

clues for elucidating the functions of many genes with homology to known cell wall 

biosynthetic enzyme-encoding genes. New cell biological techniques such as live-

imaging with GFP-fused proteins have emphasized the non-uniform nature of the 

wall. Insights are accumulating on the regulation of cell wall biosynthesis and 

composition under various conditions. Furthermore, evidence is emerging that the 

cell wall is a determinant for the establishment and maintenance of cellular polarity. 

In the future, these developments will connect with the other research on cell polarity 

and signal transduction to increase our understanding of the coordination of the 

response to internal and external changes with ongoing growth and proliferation. 
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ABSTRACT 

The yeast cell wall consists of an internal skeletal layer and an outside 

protein layer. The synthesis of both (3-1,3-glucan and chitin, which together form the 

cell wall skeleton, is cell cycle regulated. We show here that the expression of five 

cell wall protein-encoding genes (CWP1, CWP2, SED1, TIP1 and TIR1) is also cell 

cycle regulated. TIP1 is expressed in G1 -phase, CWP1, CWP2 and TIR1 are 

expressed in S/G2-phase, and SED1 in M-phase. The data suggest that these 

proteins fulfill distinct functions in the cell wall. 

INTRODUCTION 

The cell wall of yeast may account for up to 30% of the dry weight of the cell, 

and therefore represents a major investment of the cell (Fleet 1991). The main 

components of the cell wall are mannoproteins and (3-linked glucans, and a small 

amount of chitin (Cid era/. 1995, Klis 1994, Orlean 1997). The wall is responsible 

for the mechanical strength of yeast cells. As a result, the cell wall has often been 

envisioned as a static structure with a constant composition. Evidence is however 

accumulating that the cell wall may vary considerably in response to both external 

and internal cues. 

For example, external cues such as heat- or hypo-osmotic shock, or 

changes in the carbon source, affect the transcription of several genes that encode 

cell wall biosynthetic enzymes, as well as several genes encoding glucanase-

extractable cell wall proteins (Donzeau etal. 1996, Igual et al. 1996, Kamada et al. 

1995, Kondo and Inouye 1991, Kowalski et al. 1995, Marguet and Lauquin 1986, 

Munoz-Dorado etal. 1994, Orlean 1997, Teunissen and Steensma 1995). Also, the 

biosynthesis of the glucan and chitin components of the cell wall is cell cycle 

regulated, both transcriptionally (Davenport etal. 1995, Igual etal. 1996, Pammeref 

al. 1992, Ram etal. 1995) and posttranslationally (see Orlean 1997). 

We provide evidence that the transcription of five cell wall proteins is cell 

cycle regulated, and that these genes are expressed at different stages of the cell 

cycle. This suggests that these proteins, which have so far been regarded only as 

general structural cell wall proteins, have specific functions in cell wall construction. 
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MATERIALS AND METHODS 

Yeast strains and growth conditions 

Saccharomyces cerevisiae strain X2180-1A was obtained from the Yeast 

Genetic Stock Center, Berkeley, CA, USA. Cells were grown in YPD medium. 

Synchronization 

Synchronization by a-factor was performed basically according to de Nobel et 

al. (1991). For centrifugal elutriation, a 5-ml elutriator rotor JE-6B (Beekman 

Instruments BV, Mijdrecht, NL) was used. Cells were grown in batch cultures on 

YPD. Elutriation was performed as described by Woldringh et al. (1993). In both 

cases, samples were taken every 15 min. For microscopic analysis, cells were 

fixed with 0.13% (w/v) formaldehyde and sonicated briefly to break up aggregates. 

For RNA isolation, 20 ml of cell suspension were centrifuged, the cells were 

washed with ice-cold water, and stored in liquid nitrogen. 

RNA-isolation and Northern hybridization 

RNA was isolated by the hot-phenol method, without the use of glass beads, 

as described in Current Protocols (Greene Publishing Associates, Inc. and John 

Wiley & Sons, Inc.). Ten ug of RNA per lane were separated on a 

formaldehyde/formamide containing agarose gel-system. RNA was cross-linked to 

Hybond-N+ membrane (Amersham) by UV radiation. Northern hybridizations were 
32 

performed in the presence of 50% formamide at 42 °C using P-labeled gene 

fragments. The blots were washed at 42 °C with decreasing concentrations of 

SSC, down to 0.5XSSC, in the presence of 0 .1% SDS. 

Hybridization signals were quantified by scanning of autoradiograms in the 

linear range of the films. Expression levels were normalized to actin levels. 

RESULTS 

To study the cell cycle regulated expression of cell wall protein encoding 

genes, we synchronized growing cultures with a-factor and by centrifugal 

elutriation. The results were essentially the same, although with centrifugal 

elutriation less synchrony was achieved. When the cells are arrested in G1 with oc-

factor, it takes approximately one generation time (100 minutes at 23°C) until all 
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Figure 1. Response of mRNA levels of cell wall protein-encoding genes to the addition of oc-

factor to asynchronous cultures. All mRNA levels were normalized to ACT I, and the initial 

value was set at 100%. • : CWPI, o: CWP2, • : SEDJ, D: TIPl, A: TIR1. 

cells have reached G 1 . During this period the expression of the cell wall proteins 

changed (Figure 1): The mRNA levels of CWP1, CWP2, and TIR1 decreased, 

whereas those of SED1 and TIP1 increased. The increase in mRNA levels of SED1 

and TIP1 indicates that the arrest by a-factor takes effect at a time when 

transcription of both genes is induced, whereas this is not the case for CWP1, 

CWP2, and TIR1 (see also Figure 2B). Alternatively, a-factor may have a direct 

effect on cell wall protein expression, but since the induction is slow, and no 

consensus sequences for binding of Ste12p are present in the promoter regions of 

SED1 and TIP1, the former possibility seems more likely. 

The effect of G1 arrest on cell wall protein expression was corroborated 

when the transcription of the cell wall protein-encoding genes was followed during 

several division cycles in a-factor synchronized cultures (Figure 2A). The 

transcription of CWP1 peaked slightly later than H2A, at the time when most cells 

had small buds, which is estimated to be late in S-phase or early in G2. About 10 

minutes later, the mRNA level of CWP2 reached its maximum, which coincided with 

the peak in the number of budded cells. It can therefore probably be placed in G2. 
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Although the peaks of CWP1 and CWP2 are slightly separated, the induction 

of transcription of these genes occurs around the same time, and might therefore 

be brought about by similar mechanisms. Approximately 30 minutes after CWP2, 

SED1 transcription peaked. Almost all visible buds were large buds at that time, 

indicating that this is M-phase. TIP1 transcription reached its maximum after SED1, 

but before CLN2. This seems to occur early in G1, around the time of cell 

separation, since the percentage of budded cells rapidly decreases at the time 

when TIP1 transcription was highest. The transcription of TIR1 was somewhat 

more diffuse, but we estimate TIR1 transcription to occur mainly in the same period 

as CWP1 and CWP2 (see Fig. 2B), based on the periodic increases in the mRNA 

level of this gene. 

Assuming that mRNA levels start to increase when transcription is induced, 

and start to level or decrease (depending on the mRNA stability) when transcription 

ceases or is shifted down, we can determine the periods during which the genes 

are transcriptionally activated. A graphic representation of this is shown in Figure 

2B, in which dark areas represent the periods of increased transcriptional activity. 

DISCUSSION 

Since yeast is a unicellular organism, it has to continuously respond to 

changes in the environment. The cell wall does not only function as a barrier 

between the cell and the environment, but is also the first contact with the outside. 

Therefore, it has to constantly adapt, to provide optimal protection from, and optimal 

interaction with the outside. 

Figure 2A: Messenger RNA levels of various cell wall protein-encoding genes in oc-factor 

synchronized cultures. All mRNA levels were normalized to ACT! levels, and the highest value 

was set at 100%. The percentage of budded cells (O), small budded cells (•) and the mRNA 

levels of CLN2 and HTA1/2 (H2A) serve as cell cycle progression and synchronicity markers. 

Probes were used against CWP1, CWP2, TIR1, SED1, and TIP I mRNA. Thin vertical lines 

indicate the times at which CLN2 mRNA is at its maximum. B: Transcriptionally active periods 

of cell wall protein-encoding genes. Depicted is a normalized cell cycle, which is the average of 

all three cycles from Fig. 2A. Averages of start and end of activated transcription of each gene 

were calculated relative to the peaks in CLN2 transcription. 
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Several of the five cell wall protein-encoding genes we have studied (out of a 

total of almost 40 (Cam et al. 1997)) are known to be activated under specific 

conditions. TIP1 expression, for example, is induced at high- and low temperatures 

(Kondo and Inouye 1991) and during anaerobic growth (Donzeau et al. 1996). 

Increased TIR1 expression occurs under conditions of fermentation (Donzeau et 

al. 1996, Marguet and Lauquin 1986) and at low temperatures (Kowalski et al. 

1995). Surprisingly, no clear phenotypes are found when any of these genes is 

deleted; only deletion of CWP2 results in an increased sensitivity to Calcofluor 

White, Congo Red, and Zymolyase (van der Vaart et al. 1995), whereas deletion of 

SED1 results in a somewhat increased tolerance for Calcofluor White and Congo 

Red (M.J. van der Vaart, personal communication). Deletion of EGT2 , which 

encodes another cell wall protein (Caro et al. 1997) does result in a clear 

phenotype, namely a delayed cell separation (Kovacech et al. 1996). 

We studied the transcription of these cell wall protein-encoding genes 

during the cell cycle. We were expecting to find a certain amount of cell cycle 

regulation, since incorporation of mannoproteins into the cell wall is cell cycle 

regulated and highest in M-phase (De Nobel et al. 1991). Surprisingly, transcription 

of all five genes was cell cycle regulated, and occurred in at least three different 

phases of the division cycle: In S/G2- [CWP1, CWP2 and TIR1), in M- (SED1) and in 

early G1-phase (TIP1 (and EGT2 (Kovacech et al. 1996))). By studying transcript 

levels, one cannot draw definite conclusions about the protein expression levels. 

However, recent data show that GFP-fusion proteins of Cwplp and Cwp2p are 

incorporated in distinct but separate regions of the cell wall (A.F.J. Ram, 

unpublished results). This asymmetric distribution is consistent with cell cycle 

regulated expression. Possibly, asymmetric deposition of cell wall proteins 

provides the cells with landmarks for, for example, bud-site selection. In addition, 

the fact that various cell wall proteins are differentially expressed under different 

growth conditions, makes it highly likely that they have specific (structural) 

functions. 
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ABSTRACT 

The cell wall of yeast is an essential organelle. It protects the cell from mechanical 

damage, is involved in cell recognition, and offers protection against antimicrobial 

peptides. Furthermore, it determines the shape of the cell and is important for the 

generation and maintenance of cell polarity. We studied the localization of three 

covalently bound cell wall proteins. T ip lp was found only in mother cells and Cwp2p 

was incorporated in medium-sized buds. When the promoter regions of TIP1 and 

CWP2 (responsible for transcription in early G1 and early G2 phase, respectively) 

were exchanged, the localization patterns of Tip lp and Cwp2p were reversed, 

revealing that localization of cell wall proteins can be completely determined by the 

timing of transcription during the cell cycle. CWP2 is transcribed at about the same 

time as another cell wall protein gene, CWP1, but, remarkably, Cwp lp was 

incorporated later than Cwp2p and was found in the birth scar, which remains on the 

proximal pole of the daughter cell after separation from the mother. Promoter 

exchange experiments showed that for correct localization of Cwplp , expression in 

early G2 phase was essential but not sufficient. Correct localization also depended 

on a novel mechanism requiring the presence and correct localization of chitin 

synthesized by CSII, the chitin synthase involved in septum formation. 
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INTRODUCTION 

The establishment and maintenance of asymmetry is of vital importance for 

growth, differentiation, and morphogenesis of cells and organisms. For example, the 

yeast Saccharomyces cerevisiae grows asymmetrically, with a strict program for the 

selection of sites for bud initiation and growth: In the G1 phase of the cell cycle, a site 

for budding is selected in a cell type-dependent manner, and proteins required for 

bud initiation are deposited at this site. After the cell cycle commitment point START, 

a bud is formed at this site, and growth occurs exclusively in the bud, first 

preferentially in the tip and later isotropically, until the time of cytokinesis. Growth is 

then redirected towards the mother-bud neck, where a primary septum is formed, 

followed by the deposition of a secondary septum on both sides of the primary 

septum. Cells then separate through digestion of the chitinous primary septum, after 

which a new cell cycle may be initiated (for a review see Lew and Reed 1995). 

The cell wall of yeast is essential for viability and also important for 

establishment or maintenance of asymmetry and cellular polarity, as illustrated by 

the fact that loss of the cell wall leads to loss of the polarized localization of, for 

example, the class V myosin Myo2p (Reek-Peterson et al. 1999). The yeast cell wall 

is made up of glucans, mannoproteins, and a small amount of chitin (reviewed in 

Klis 1994, Orlean 1997). The cell wall mannoproteins can be divided into four 

classes: 1) Non-covalently linked proteins, such as Bgl2p (Cappellaro ef al. 1998, 

Klebl and Tanner 1989); 2) cell wall proteins linked through disulfide bridges 

(Moukadiri et al. 1999, Orlean et al. 1986); 3) Pir-proteins that are linked via an as yet 

unidentified, alkali-sensitive bond to (3-1,3-glucan (Kapteyn et al. 1999, Mrsa et al. 

1997); and 4) the major class of glycosylphosphatidylinositol (GPI)-dependent cell 

wall proteins that are attached to (3-1,3-glucan through [3-1,6-glucan (Kapteyn et al. 

1996, Kollar et al. 1997). There are approximately 40 different GPI-linked cell wall 

proteins in Saccharomyces cerevisiae (Caro et al. 1997, Hamada et al. 1998). Cell 

wall proteins follow the secretory pathway, where they are O- and often also N-

glycosylated and may receive a GPI-anchor at their carboxy terminus. The lipid 

moiety of the GPI-anchor is remodeled in the ER and Golgi (Reggiori ef al. 1997). 

Although a function for this remodeling is as yet unclear, it might play a role in sorting 

of the different types of GPI-proteins. When GPI-dependent cell wall proteins arrive at 

the plasma membrane, the GPI-anchor is believed to be processed, resulting in 

cleavage of the GPI-anchor and linkage to the (3-1,6-glucan through a GPI-remnant 

(see Kapteyn et al. 1999, Kollar et al. 1997, Lipke and Ovalle 1998). 
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To investigate whether yeast GPI-dependent cell wall proteins are uniformly 

incorporated into the cell wall, we tagged three different cell wall proteins with green 

fluorescent protein (GFP). All three appeared to be incorporated into specific regions 

of the wall: one exclusively in the mother portion of cells, one exclusively in medium-

sized buds, and the third localized stably to the birth scar. Our data suggest that 

timed transcription during the cell cycle can be sufficient for such localized 

incorporation of cell wall proteins. In additiotn, the data suggest that the 

incorporation of the cell wall protein Cwp lp into the birth scar depends on the 

presence and correct localization of chitin synthesized by CSII, which is responsible 

for the synthesis of the chitin in the septum. 

MATERIALS AND METHODS 

Strains, growth conditions, and genetic manipulations 

Saccharomyces cerevisiae strains used in this study are listed in Table 1. 

Yeast cells were grown in YPD or drop-out media (Adams et al. 1996) at 28°C 

unless otherwise specified. Transformations were carried out using the LiOAc 

method (Adams, et al. 1996). Mating, sporulation and tetrad dissection were 

performed as described (Adams et al. 1996). Strains containing complete deletions 

of TIP1 were generated using the PCR products containing 50-base pair target 

sequences flanking the knockout cassettes from a YDp plasmid (primers GS4 and 

GS5, table 2). . In addition, complete deletions of the CWP1 and SHE3 ORFs were 

generated in the YEF473 background by the PCR method of Longtine et al. (1998a) 

using plasmid pFA6a-His3MX6 as template for primers LS138 and LS139 (CWP1) 

and primers IC101 and IC102 (SHE3). Furthermore, the chromosomal CHS2 locus 

was placed under control of the GAL1 promoter by the PCR method of Longtine et al. 

(1998a) using plasmid pFA6a-His3MX6-PGAL1 as template for primers IC148 and 

IC221. All primers are listed in table 2. PCR products were directly transformed, and 

prototrophic colonies were checked for correct insertion by PCR with independent 

primers {TIP1: GS18 and GS19, table 2) 

Plasmid construction 

Multicopy plasmids containing GFP-CWP1 (AR213) and GFP-CWP2 (AR205) 

with their own promoters were described previously (Ram et al. 1998). Both 

constructs were subcloned into YCplac33 using Hind\\\ and BamHI for AR213 and 
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Table 1: Strains used in this study 

Strain 

FY833 
FY834 

FY835 

JV96 

JV97 

GS201 

GS104 

GS106 

YEF473 

YEF473A 

YEF473B 

HH391 

HH415 

HH614 

HH615 

AM 104 

AM 126 

AM201 

AM475 

AM476 

AM529 

AM535 

HP24 

LSY264 

LSY265 

DDY172-2A 

DDY181-2D 

M267 

M268 

M272 

M717 

ICY436 

ICY018 

Relevant genotype 

MATa his3A300 ura3-52 leu2M lys2A202 trplA63 
MATcx his3A300ura3-52leu2Al \ys2A202 trplA63 

MATa/a FY833 x FY834 

MATa cwp1::LEU2 in FY833 

MATcx cwp1::LEU2 in FY834 

MATa/a cwp1::LEU2/cwp1::LEU2 

MATa tip1::HIS3 in FY833 

MATcx tip 1.:HIS3 in FY834 

MATa/cx trp 1 -A63/trp 1 -A63 Ieu2-A 1/leu2-A 1 ura3-
52lura3-52 his3-A200/his3-A200 Iys2-801/lys2-801 

MATa trp1-A63 Ieu2-A1 ura3-52 his3-A200 Iys2-801 

MATa trp1-A63 Ieu2-Al ura3-52 his3-A200 Iys2-801 

MATcx bud8-Al in YEF473B 

MATa/cx bud8-A1lbud8-Al in YEF473 

MATcx bud9-Al in YEF473B 

MATa/a bud9-A1lbud9-Al in YEF473 

MATa/a bud7-Allbud7-Al in YEF473 

MATa/a chs6-AHchs6-Al in YEF473 

MATa axl1::HIS3 in YEF473A 

MATa rax2A::HIS3 in YEF473B 

MATa/a rax2A::HIS3lrax2M:HIS3 in YEF473 

MATcx rax1-Al in YEF473B 

MATa/a rax1-Allrax1-Al in YEF473 

MATa bud2A::LEU2 

MATa/a cwp1-Allcwp1-Al in YEF473 

MATa/a cwp1-Allcwp1-Al in YEF473 

MATa chs4-Al in YEF473A 

MATac/7s3-A7 in YEF473A 

MATa gin4-A9::TRP1 in YEF473A 

MATa gin4-A9::TRP1 in YEF473B 

MATa/a gin4-A9::TRP1/gin4-A9::TRP1 in YEF473 

MATa/a bnil A::HIS3/bniU::HIS3\n YEF473 

MATa PGAL:CHS2 in YEF473B 

MATa/cx she3-A1/she3-Al in YEF473 

Source 

Winston era/. (1995) 
Winston, et al. (1995) 

A.F.J. Ram 

J.H. Vossen 

J.H. Vossen 

JV96 x JV97 

see text 

see text 

Bi and Pringle (1996) 

Bi et al. (2000) 

Bi et al. (2000) 

Harkins et al. (2000) 

Harkins et al. (2000) 

Harkins et al. (2000) 

Harkins et al. (2000) 

# 
# 
# 
* 
* 
# 
# 
Park era/. (1993) 

see text 

see text 

DeMarini et al. (1997) 

DeMarini et al. (1997) 

Longtineefa/. (1998b) 

Longtine et al. (1998b) 

Longtineefa/. (1998b) 
M. Longtine and J.R. 
Pringle 
see text 

see text 

# A. McKenzie and J.R. Pringle, manuscript in preparation 

*A. McKenzie and J.R. Pringle. The complete deletion of the AxM ORF was generated by the 

method of Baudin et al. (1993) using pRS303 (Sikorski and Hieter, 1989) as a template. 
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Tab le 2: Pr imers used in this s tudy 

Name Nucleotide sequence* 

GS2 

GS3 

GS4 

GS5 

GS6 

GS7 

GS8 

GS9 

GS22 

GS23 

GS24 

GS25 

GS26 

GS27 

GS29 

GS31 

GS32 

GS33 

GS34 

GS35 

GS52 

GS53 

GS56 

GS57 

LS137 

LS138 

IC101 

IC102 

IC148 

IC221 

CAATAACGACATTGTGCGGGTATGTATGCTACGGATGATTAATGAATGTAGACC 
TGCAGGCATGCAAGCT 

GTTCGGGTATGATGTCATACAAATCCTTTCAACAAAAGATGCTTCAAGATTACCG 
AGCTCGAATTCACTG 

GTAACAATAATTGCTATTGCATAACTATACCCTCTGCTAAATAAAATAAAGAATT 
CCCGGGGATCCG 

GTATAATAATGGAGGTAAI I I I I CAAATATTTGTTGTAAAAGGTTCCCTTAAGCT 

AGCTTGGCTGCAG 

TGTCTCCAACCTCTTTGAGG 

TGTCctcqaqqqtaccAGCGACGGCCAAAGAGGCAATG 

CAAGGTAGTGTAAGCGTCAT 

CGCTqqtaccctcqaqGACACCAGCGCCGCCGAAAC 

GAGCGCAACGCAATTAATGT 

TTTTGGGAGTCACGACGTTG 

CAGCTATGACCATGATTA 

AGAATTTCATcqqccqTATTG I I I I I I GAGACTTTC 

CAAATAAATTTAAGGGTA 

AAAAACAATAcqqccqATGAAATTCTCCACTGCT 

AGAATTGCATTqcqqccqc I I I I I I CTTGTTAGTGTG 

AAGAAAAAAAqcqqccqcATGCAATTCTCTACTGTC 

TTTGCTGTAAGGGTGAAT 

AAACGGACATcqqccqTTTATTTTATTTAGCAGAG 

AGGGTAAGTTTTCCGTATGT 

ATAAAATAAAcqqccqATGTCCGTTTCCAAGATT 

TGAGGCCTCGTGGCGCAC 

GGCggatccTTGGATATGGGGGAATTCCG 

GACCATGATTACGCCAAGC 

TCCTCTAGAGTCGACCTGC 

ACAAACTTATTAATACTACGAAAGTCTCAAAAAACAATACGGATCCCCGGGTTA 
ATTAA 

TATTGAAGGAAATAAMCATGCAGGTTTTGTTCTCGTACGAATTCGAGCTCGTTT 
AAAC 

TGCCATGAGTAGCAGCAGTCTGAAGGGGTTACCAAACGTTACGGATCCCCGGGTT 
AATTA 

TTGATTCGTGCTTATAAAACCTTAGAGGCATCTATTTACAGAATTCGAGCTCGTTT 
AAAC 

AGTTACATATAGACCCAAATAAAAACCAAAGAACCACATGAATTCGAGCTCGT 
TTAAAC 

AGAGCCATTCGAAGGTTCCACCATAAACGGGTTTCTCGTTTTGTATAGTTCATCC 
ATGC 

*Sequences that are underlined are those hybridizing to vector templates or, for two-step PCR 

reactions, regions of step-1 PCR products that hybridize to each other. Lower-case letters 

indicate restriction sites generated using the primers. 
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H/'/idlll and EcoRI for AR205, creating the low-copy plasmids pGS-GFP-CWP1-low 

and pGS-CWP2-GFP-low, respectively. The GFP-CWP2 construct was recloned in 

the other orientation to create pGS-GFP-CWP2-low in two steps, first subcloning the 

Psrl-EcoRI fragment into the Pst\-EcoR\ sites of pBluescript, then cloning the H/ndlll-

Psfl fragment of this construct into the H/'ndlII-Psfl sites of YCplac33. 

TIP1 was cloned by gap repair. The linear gap repair plasmid was created by 

PCR using primers GS2 and GS3 (table 2) and plasmid YEplac181 as template. The 

fragment was directly transformed into FY833, selecting for L e u \ Plasmids were 

isolated and transformed into E. coli, and correct insertions (pGS-TIP) were 

identified by restriction analysis and PCR using primers GS22 and GS23. 

Xho\ and Kpn\ restriction sites were generated directly behind the TIP1 signal 

sequence in a two-step Pfu polymerase PCR reaction using primers GS6 and GS7, 

and GS8 and GS9 in the first reactions, and the combined purified products together 

with primers GS6 and GS8 in the second reaction. The PCR product and plasmid 

pGS-TIP were digested with Rsrïï and Xba\, and ligated, and the product was 

checked by restriction analysis. GFP from pREP4 (kindly supplied by Dr. F. 

Hochstenbach) was cloned into the Xho\-Kpn\ sites to create pGS-GFP-TIP-high. A 

H/ndlll-EcoRI fragment was subcloned into YCplac33 to create pGS-GFP-TIP-low. 

Eagl (for CWP1 and TIP1) or Not\ (for CWP2) sites were generated just before 

the start codon for promoter-exchange experiments using two-step Pfu PCR 

reactions. pGS-Eagl-CWP1 was created using primers GS24 and GS25, and GS26 

and GS27 in the first reactions, and combining the PCR products with primers GS24 

and GS26 in the second reaction. The PCR product was digested with Pst\ and Sa/I 

and cloned into Psfl-Sa/I digested pGS-GFP-CWP1-low. pGS-Notl-CWP2 was 

created using primers GS56 and GS29, and GS57 and GS31 in the first reactions, 

and combining the PCR products with primers GS56 and GS57 in the second 

reaction. The PCR product was digested with H/ndlll and Kpn\, and the 607-bp 

fragment was cloned into Hind\\\-Kpn\ digested pGS-GFP-CWP2-low. The plasmid 

resulting from this combination was again digested with Kpn\, and the 1309-bp 

Kpn\-Kpn\ fragment from pGS-GFP-CWP2-low was cloned into this site. The 

orientation of this last insertion was checked by restriction analysis. pGS-Eagl-TIP1 

was created using primers GS32 and GS33, and GS34 and GS35 in the first 

reactions, and combining the PCR products with primers GS32 and GS34 in the 

second reaction. The PCR productwas digested with Rsrll and Kpn\ and cloned into 

Rsr\\-Kpn\ digested pGS-GFP-TIP1-low. Insertion of the restriction sites did not affect 
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localization patterns of the proteins (data not shown). Promoters were exchanged by 

digesting the plasmids with either Hind\\\-Eag\ or Hind\\\-Not\ and then ligating 

promoter and plasmid fragments from different origins. Products were checked by 

restriction analysis. In this way, 6 new plasmids were created: pCWP1-GFP-CWP2, 

pCWP1-GFP-TIP1, pCWP2-GFP-CWP1, pCWP2-GFP-TIP1, pTIP1-GFP-CWP1 and 

pTIP1-GFP-CWP2. 

The MS2-tag was cloned into AR213 using primers GS52 and GS53 and 

plasmid plll/MS2-2 (Beach et al. 1999) as a template. The PCR product was 

digested with BamHI and cloned into the unique Bell site just behind the ORF of 

CWP1, creating pGS-CWP1-MS2. 

Cell cycle synchronization 

Synchrony of liquid cultures was achieved by adding hydroxyurea (Sigma) to a 

growing culture (OD600 «1) at a final concentration of 200 uM. Arrest was allowed to 

take place for 3 h. The culture was released from the arrest by washing three times 

in prewarmed medium. 

Microscopy 

For fluorescence microscopy, cells were harvested, washed once in PBS, and 

kept on ice for 15 min. Calcofluor White was added to a final concentration of 20 

ug/ml. Cells were observed with an Olympus BH-2 microscope, and photographed 

using a Hamamatsu C5985 CCD camera and Object Image 1.62n2 software. 

Cell fractionations, cell wall digestions and Western blotting 

Cells were harvested at an ODeoo « 1 . Proteins from the culture supernatant 

were precipitated with the sodium deoxycholate (DOC) trichloroacetic acis (TCA) 

method (Ozols 1990). DOC was added to a final concentration of 200 ug/ml. After 10 

min at 4°C, TCA was added to a final concentration of 6% (w/v), and the culture 

supernatant was left overnight at 4°C. The precipitate was pelleted at 10,000g and 

washed extensively with 80% (v/v) acetone. 

The cells were then washed and homogenized as described previously 

(Kapteyn et al. 1995, Montijn et al. 1994). Cell walls were spun down at 3000g, and 

the supernatant was also precipitated with DOC and TCA as described above 

("cytosolic" fraction). The cell walls were washed extensively with 1 M NaCI and then 

boiled twice in 2% SDS, 100 mM EDTA, 40 mM (3-mercaptoethanol and 50 mM Tris-
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HCI pH 7.8 to solubilize non-covalently linked cell wall proteins and proteins from 

plasma membranes and other membranous compartments (Klis et al. 1998, Mrsa 

et al. 1997). The supernatant is the "SDS-soluble" fraction. The SDS-extracted cell 

walls were washed with 10 mM Tris-HCI (pH 7.8), and then treated with 0.8 U/g (wet 

weight of cell walls) recombinant endo-p-1,6-glucanase from Trichoderma 

harzianum (Bom et al. 1998) to release the GPI-dependent cell wall proteins 

(Kapteyn et al. 1996). 

Proteins were separated on 3-20% gradient polyacrylamide gels containing 

0 . 1 % SDS and electrophoretically transferred onto Immobilon polyvinylidene 

difluoride (PVDF) membranes (Montijn et al. 1994). Cell wall proteins were 

visualized by probing the membranes with peroxidase-labeled Concanavalin A 

(ConA, 1 (ig/ml) in phosphate-buffered saline (1xPBS) with 3% (w/v) bovine serum 

albumin (BSA), 2.5 mM CaCI2, and 2.5 mM MnCI2 (Klis et al. 1998). Cwplp was 

visualized with polyclonal anti-Cwp1p antiserum (Shimoi et al. 1995) according to 

Kapteyn et al. (1996). The blots were visualized with ECL Western blotting detection 

reagents (Amersham) according to the manufacturer's instructions. 

RESULTS 

Incorporation of Cwp2p and Tip1 p into specific regions of the wall 

Of the approximately 40 different GPI-dependent cell wall proteins in yeast, 

more than half are transcribed in a cell cycle dependent manner (Spellman et al. 

1998). We generated GFP fusion proteins on high- and low-copy number plasmids 

of three different GPI-dependent cell wall proteins, T ip lp , Cwp2p, and Cwplp, by 

inserting the GFP-tag directly behind the signal peptide so that the first amino acid of 

the mature fusion protein is from GFP. The resulting fusion proteins were (3-1,6-

Figure 1: Localization patterns of GFP-Tiplp and GFP-Cwp2p. Four cells representing 

successive phases of the cell cycle arc shown for each construct. Arrowheads point to buds that 

fluoresce more strongly than the corresponding mothers. A: GFP-Tiplp expressed from its 

own promoter is not detected in buds of any size. B: GFP-Cwp2p expressed from its own 

promoter is incorporated into growing buds. C: GFP-Cwp2p expressed from the TIP! 

promoter is localized as is GFP-Tiplp. D: GFP-Tiplp expressed from the CWP2 promoter is 

localized as is GFP-Cwp2p. Fusion proteins were all expressed from low-copy plasmids in 

FY833. CFW: Calcofluor white staining. 
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glucanase extractable, indicating that they were normally incorporated into the cell 

wall (data not shown). They were also recognized by the lectin Concanavalin A after 

separation by SDS-PAGE indicating that they were glycosylated (data not shown). 

The genes encoding these proteins are expressed in different phases of the 

cell cycle: TIP1 is transcribed early in the G1-phase, well before bud emergence, 

whereas CWP1 and CWP2 are transcribed in the late S to early G2-phase (Caro et 

al. 1998). Fig. 1A shows that GFP-Tip1p fluorescence was never found in buds: 

unbudded mothers fluoresced at the cell surface, as did the mother portions of 

budded cells, but no fluorescence was found in buds of any size. This indicates that 

the fusion protein was incorporated in unbudded, G1 phase cells, which correlates 

with its time of expression. In very small buds no GFP-Cwp2p fluorescence was 

detected. The GFP-Cwp2p signal was found both in the mother and the daughter 

portions of budded cells, but generally the signal was stronger in the medium-sized 

buds (Fig. 1B). 

Exchange of promoters results in reversal of the incorporation patterns for 

GFP-Tip1p and GFP-Cwp2p 

The actin cytoskeleton is thought to be responsible for the direction of 

secretory vesicles to sites of cell surface growth, and the incorporation patterns of 

GFP-Tip1p and GFP-Cwp2p correlate with the polarization status of the actin 

cytoskeleton around the times of transcription of the respective genes. We therefore 

hypothesized that the timing of transcription might determine the observed 

incorporation patterns. To test this, we exchanged the promoters of the two genes 

and studied the effect on the localization of the GFP-fusion proteins. 

Exchange of the promoter regions completely reversed the incorporation 

patterns of the two GFP-fusion proteins: when expressed from the TIP1 promoter, 

GFP-Cwp2p was no longer incorporated into medium-sized buds but was instead 

found only in the mother portions of cells (Fig. 1C). Conversely, GFP-Tip1p 

expressed from the CWP2 promoter was preferentially incorporated in small to 

medium-sized buds, which stained more brightly than their mothers (Fig. 1D). These 

results suggest that sequences downstream of the start codon are not required for 

localization to specific regions of the wall. The specific localizations of these two 
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proteins appear to be solely determined by the timing of expression during the cell 

cycle. 

Localization of GFP-Cwp1p to birth scars 

CWP1 is expressed concurrently with CWP2 (Caro et a\. 1998). However, the 

incorporation pattern of a GFP-Cwp1p fusion protein appeared to be completely 

different. GFP-Cwp1p was incorporated mainly in an area at one pole of the cell that 

coincided with the birth scar, which is marked by a relatively low intensity of 

Calcofluor white (CFW) staining, as well as by the somewhat protuberant shape of 

the cell (Fig. 2A) (Chant and Pringle, 1995). In many cases, some GFP fluorescence 

was also found in the lateral wall of the mother cell, but the birth scar signal was 

much more intense. In diploid cells (and very rarely in haploids), some additional 

signal could be observed in bud scars, but even in diploids this was the case for only 

15% of the cells that showed fluorescence in the birth scar (not shown). Bud scar 

staining was never observed in the absence of a fluorescent birth scar. The birth scar 

signal was exceptionally stable: cells with up to four bud scars that still showed a 

clear birth scar signal were regularly observed (not shown). 

A striking difference was observed when the same fusion gene was expressed 

from a multicopy vector. In this case, GFP fluorescence was still found in the birth 

scar, but fluorescence was also bright in medium-sized buds (Fig. 2B; see also Ram 

et a\. 1998). As this bud fluorescence resembles that of GFP-Cwp2p (Fig. 1C), it 

seems that the mechanism for directing Cwplp to the birth scar might be saturable, 

with excess protein being incorporated in the "default" early G2 pattern of 

incorporation in the medium-sized bud as seen with Cwp2p. 

Localization of GFP-Cwp1p to the birth scar requires both promoter and 

downstream sequences 

To investigate the importance of cell cycle-regulated transcription for the birth 

scar localization of GFP-Cwp1p, we performed additional promoter exchange 

experiments. The use of the CWP1 promoter to express either GFP-CWP2 or GFP-

TIP1 gave remarkably similar results (Fig. 2C and 2E). Neither protein localized to 

the birth scar, indicating that correct timing of transcription during the cell cycle is not 

sufficient to generate this incorporation pattern. However, the incorporation patterns 
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Figure 2: Effects of promoter and 

downstream sequences on cellular 

localization of GFP-Cwplp. Four 

cells representing successive phases 

of the cell cycle are shown for each 

construct. Fusion proteins are 

e x p r e s s e d from c e n t r o m e r i c 

plasmids, except in panel B, where 

an episomal plasmid is used, in 

FY833. Arrows indicate birth scars, 

arrowheads point to buds that 

fluoresce more strongly than the 

corresponding mothers. A: GFP-

C w p l p expressed from its own 

promoter is localized to the birth 

scar. B: GFP-Cwplp expressed from 

its own promoter on an high-copy 

plasmid is localized in the birth scar 

and in growing buds. C: GFP-

Cwp2p expressed from the CWPI 

promoter is incorporated in medium-

sized buds . D: G F P - C w p l p 

expressed from the CWP2 promoter 

is localized in the birth scar and in 

growing buds. E : G F P - T i p l p 

expressed from the CWPI promoter 

is incorporated into growing buds. 

F : GFP-Cwplp expressed from the 

TIP! promoter is not incorporated 

into buds of any size. CFW: 

Calcofluor white staining. 

GFP CFW Light 
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were very similar to that of GFP-Cwp2p expressed from its own promoter (Fig. 1B) 

and that of GFP-Tip1p expressed from the CWP2 promoter (Fig. 1D). Since both 

CWP1 and CWP2 are transcribed in late S to early G2 phase (Caro et a\. 1998), it 

seems that expression of a cell wall protein at this time, in the absence of other 

specific localization cues, is sufficient for its incorporation into the growing bud. 

When the CWP2 promoter was used for GFP-Cwp1p expression, birth scars 

showed clear fluorescence, but the fusion protein was also incorporated into small 

buds (Fig. 2D). This pattern resembles a combination of the normal GFP-Cwp1p and 

GFP-Cwp2p patterns, as was also seen for high-copy GFP-Cwp1p expression. 

Because it is known that the CWP2 promoter results in stronger expression on YPD 

than the CWP1 promoter (Wodicka ef a/. 1997), this again suggests a saturation of 

the mechanism responsible for incorporation of Cwplp into the birth scar. After 

saturation has been reached, the protein follows the "default" late S to early G2 

phase pattern of incorporation into growing buds. 

Expression of GFP-Cwp1p from the TIP1 promoter demonstrated that the 

sequences downstream of the start codon by themselves are also insufficient for 

localization to the birth scar. As shown in Fig. 2F, fluorescence was never observed 

in buds but only in the mother portion of cells, like GFP-Tip1p expressed from its own 

promoter. However, the GFP-Cwp1p signal of the lateral walls of mother cells was 

less uniform than that of normal GFP-Tip1p fluorescence, and it sometimes seemed 

to be concentrated more at one pole, although not exclusively at the birth scar. Also, 

weak signal was sometimes observed in the bud scar. Taken together, these data 

support the hypothesis that expression in the early G1 normally phase targets a GPI-

dependent cell wall protein for incorporation in unbudded cells. In addition, Cwplp 

seems to contain a signal resulting in preferential incorporation in the region of the 

birth scar. For exclusive localization in the birth scar, correct timing as well as 

localization cues from sequences downstream of the start codon are required. 

The time lag between CWP1 transcription and Cwplp incorporation 

There appears to be a long delay between the transcription of CWP1 and the 

incorporation of Cwplp into the cell wall. Although CWP1 is transcribed in late S to 

early G2 phase in the mother cell nucleus, the gene product apparently is 

incorporated mainly in the daughter cell in a region that is formed during or after 
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Figure 3: Incorporation 

of GFP-Cwplp into the 

secondary septum, late in 

the cell cycle. GFP-

Cwplp was expressed 

from pGS-GFP-CWPl-

low in the diploid 

LSY264. Cells were 

synchronized using 

hydroxyurea. A: 

Synchronization shown 

as percentages of 

unbudded ( • ) , small-

budded (A), and large-

budded (O) cells. After 3 

h of hydroxyurea 

treatment (t=0), the cells 

were released from cell 

cycle arrest (details in 

Materials and Methods). 

B: Images of large-

budded cells from the 90-

min sample (indicated by the stippled line in panel A) showing GFP fluorescence in the 

septum. Left panels, GFP-fluorescence; middle panels, Calcofluor white staining; right 

panels, DIC images. Arrows, birth scars; arrowheads, fluorescence on the daughter side of the 

neck. 

cytokinesis, because what will become part of the birth scar is synthesized as the 

secondary septum on the daughter side of the neck. This was confirmed by studying 

cells that were synchronized in S phase using hydroxurea (Fig. 3A). After release 

from the cell cycle arrest, samples were taken every 15 min. Even the samples in 

which most cells were about to undergo cell separation (90 min after release; the 

stippled line in Fig. 3A), hardly any cells showed fluorescence in the septum region. 

The few large-budded cells that showed fluorescence in the neck region had already 
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septated, and showed fluorescence on the daughter side of the septum only (Fig. 

3B). Because in later samples, many of the daughter cells did show birth scar 

fluorescence (not shown), it appears that the majority of GFP-Cwp1p is incorporated 

only after cell separation. 

These observations imply that there is a delay in protein formation or 

incorporation. If the protein were translated directly upon transcription of the CWP1 

mRNA, one would expect that it would be detectable in an intracellular compartment 

in which it would reside until cell wall incorporation in amounts similar to those finally 

incorporated into the cell wall. However, western analysis of asynchronously growing 

cultures showed that Cwp lp in cytosolic and SDS-extractable fractions together 

amounted to less than 10% of the Cwplp extractable from the cell wall by glucanase 

digestion, suggesting that Cwp lp does not reside intracellular^ for an extended 

period of time (Fig. 4). 

Although CWP1 is transcribed in the mother cell nucleus, its product is found 

in the daughter cell. A similar situation is known for the transcription factor AsMp , 

which is strictly localized to the growing bud. In this case, the ASH1 mRNA is 

sequestered to the bud, and translation is inhibited while the mRNA is transported 

(Long et al. 1997). Several genes involved in this process have been identified, 

including MY04, SHE1, SHE2, SHE3, SHE4, and BNI1/SHE5 (Dorer et al. 1997, 

Jansen et al. 1996, 

Figure 4: Western blot analysis of Cwplp in different cellular fractions. Lane l: glass bead 

supernatant of strain FY833. Lane 2: SDS extract of isolated cell walls. Lane 3: (i-1,6-

glucanase digest of isolated walls. Equal cell equivalents were loaded in all lanes. 
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Long, et al. 1997, Takizawa and Vale 2000), and several groups have proposed that 

stem-loop structures present in the 3' untranslated region of the mRNA are important 

for localization (Chartrand et al. 1999, Gonzalez et al. 1999). Although CWP1 also 

contains a large predicted stem-loop structure in the 3' untranslated region of its 

mRNA (according to the Mfold 2.3 and 3.0 algorithms (Zuker et al. 1999, Matthews et 

al. 1999), two observations suggest that mRNA localization is not involved in the 

asymmetric distribution of the protein. First, deletion of SHE3 or BNI1 had no effect 

on the asymmetry of GFP-Cwp1p distribution (Fig. 5A and data not shown). Second, 

when the viral MS2-tag was inserted behind the open reading frame but in front of 

the predicted stem-loop structure and an MS2-binding protein fused to GFP was co-

expressed to allow in vivo visualization of mRNA (Beach et al. 1999), GFP 

fluorescence of the MS2- binding protein was evenly distributed in the cytosol of cells 

expressing either untagged GFP-CWP1 or MS2-tagged GFP-CWP1 (not shown). 

Although a strong decrease of fluorescence in the birth scar indicated that CP-GFP 

did interact with MS2-tagged GFP-CWP1 mRNA, and probably hindered its 

translation, the even distribution of CP-GFP showed that GFP-CWP1 mRNA was not 

localized to the daughter side of the cell. 

The localization of GFP-Cwp1p correlates with that of septal chitin 

For the selection of the bud site, several proteins are required. Amongst these 

are markers of the distal and proximal poles (in diploids) and markers of previous bud 

sites (in haploids). Candidates for marking the distal and proximal poles are Bud8p 

and Bud9p, respectively (Harkins et al. 2000). Both proteins have large extracellular 

domains. How these proteins are directed to their proper locations is as yet unknown, 

but possibly the large extracellular domains of Bud8p and Bud9p interact with a cell 

wall component. Bud9p and another membrane spanning protein, Rax2p, are 

localized to the birth scar (L.R. Schenkman and J.R. Pringle, personal 

communication). Therefore, we also investigated whether deletion of either of these 

proteins had an effect on GFP-Cwp1p localization. In both haploid and diploid strains 

deleted for BUD9 or RAX2, GFP-Cwp1p localized normally to the birth scar (data not 

shown). In addition, deletion of other genes involved in bud site selection (BUD2, 

BUD5, BUD6, BUD7, BUD8, AXL1, and RAX1) or involved in the deposition of 

material at the future bud site (CHS3,CHS4 and CHS6) also had no effect on GFP-

Cwplp localization, indicating that known pathways 
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for bud site selection are not required for GFP-Cwp1p localization. Conversely, 

deletionof CWP1 had no effect on the localization of GFP-Bud9p, or on bud site 

selection in either diploid or haploid strains (data not shown). 

In a bnhA/bnftA strain, the septum is often incomplete or misplaced (For 

example, it can be generated on the daughter side of the mother-bud neck, rather 

than in the middle) and cell separation is often delayed. We observed that, although 

GFP-Cwp1p was still correctly localized to the birth scar in this strain (Fig 5A, long 

arrow), signal was often present also at the daughter side of the septum in 

unseparated cells, even when this septum was misplaced (Fig. 5A, short arrow). Only 

when the septum was incomplete and only partially traversed the neck, could GFP-

Cwplp be detected on both sides of the septum (Fig. 5A, arrowhead), indicating that 

GFP-Cwp1p incorporation is normally specific for the daughter side of the septum. 

Gin4p is involved in the correct organization of the septins. In a gin4 deletion 

strain, the septins are no longer visualized as a smooth band in the mother-bud neck 

but rather as a set of parallel bars running through the neck along the mother-bud 

axis (Longtine et al. 1998b). Although such a strain is viable, and in most cases septa 

are formed and cell separation occurs, the cells sometimes do not generate a proper 

septum that separates mother from daughter and instead form chains of elongated 

cells. We found that in a gin4A lgin4A strain, GFP-Cwp1p was still localized to the 

birth scars of cells that did separate (Fig. 5B, long arrow) and were still at the 

daughter sides of septa that were formed (Fig. 5B, short arrow). However, in many 

cases, it was also found in a band in the neck region of elongated cells (Fig. 5B, 

arrowhead). These bands coincided with the bands of increased CFW staining, that 

are often seen in the neck region of incompletely septated gin4 cells (Longtine et al. 

1998b). The results with the gin4 deletion strain suggest that the chitin of the septum 

might be involved in the localization of GFP-Cwp1. In strains deficient for Chs3p, 

Chs4p, or Chs6p, which are required for the synthesis of the chitin ring at the 

incipient bud site and for the chitin in the lateral wall, and are responsible for -95% of 

the total chitin in the wall, GFP-Cwp1p was localized normally (data not shown). 

However, in a strain deficient in Chs2p, which synthesizes the chitin of the primary 

septum, the specific localization of GFP-Cwp1p was completely lost (Fig. 5C). Thus, 

it appears that the chitin in the primary septum is involved in the targeting of GFP-

Cwplp to the birth scar. 
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B 

gin4A/gin4A 

chs2 GFP CFW Light 10 urn 

Figure 5: Localization of GFP-Cwplp correlates with that of the septum or septal chitin. A: 

GFP-Cwplp localization in strain M717 (bnilA/bnilA). The long arrow indicates a birth scar 

and the short arrow a septum stained on the daughter side; the arrowhead points to GFP-

Cwplp localized on both sides of an incomplete septum. B: GFP-Cwplp localization in strain 

M272 (gin4A/gin4A). The long arrow points to a stained birth scar and the short arrow to the 

stained daughter side of a septum; the arrowhead indicates GFP-Cwplp localized on the side 

of the neck, a region which is also stained with CFW. C: GFP-Cwplp localization in strain 

ICY436 grown on glucose, which represses expression of the GAL promoter-controlled 

CHS2. 
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DISCUSSION 

Targeted incorporation as determined by transcriptional regulation 

We have shown that three covalently linked cell wall proteins are localized to 

specific regions of the yeast cell wall. GFP-Tip1p is incorporated into unbudded cells, 

leaving the buds unmarked for the duration of the cell cycle. GFP-Cwp2p is 

preferentially incorporated into medium-sized buds. However, during further bud 

growth the intensity of the signal decreases, possibly due to the dilution of the signal 

in the growing wall, and therefore the asymmetry is lost. These incorporation patterns 

are correlated with the timing of transcription of the respective genes. We 

investigated whether the time of expression of TIP1 and CWP2 were material to the 

incorporation patterns of the proteinss and showed that promoter exchange 

completely reversed the incorporation patterns. Using the promoter of the third gene, 

CWP\, which is transcribed during the same period of the cell cycle as CWP2, we 

also showed that this promoter also led to the incorporation of either GFP-Tip1p or 

GFP-Cwp2p in the medium-sized bud. We conclude that the timing of transcription 

during the cell cycle is both required and sufficient to generate of the localization 

patterns of these cell wall proteins. 

Growth in yeast is restricted to specific areas that depend on the phase of the 

cell cycle (Farkas et a\., 1974, Johnson and Gibson, 1966, Lew and Reed, 1995), the 

patterns of growth depend on the cell cycle-dependent polarization of the 

cytoskeleton and the secretory system. One may expect, therefore, that in the 

absence of other signals, synthesis of a cell wall protein during a specific period of 

the cell cycle would result in its secretion at a specific region of the cell because the 

secretiory system is already polarized toward that region. Recently, two other GPI-

dependent cell wall proteins were found to be incorporated in specific regions of the 

wall (Rodriguez-Peha et al. 2000). CRH1 is expressed late in G1 and late in M 

phase, and Crh lp is incorporated into very small buds and in the neck region of large 

budded cells, whereas UTR2/CRH2 is expressed in late M phase, and its product is 

incorporated mainly in the neck region of large budded cells. These patterns 

correlate with the regions to which the secretory system is polarized shortly after 

transcription of the genes ,and it therefore seems likely that the determinant for 

localization of these proteins is also the timing of transcription. Taken together, these 

data suggest a simple but elegant mechanism for localized cell wall protein 

incorporation in yeast. 
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Targeting of Cwplp to the birth scar and its possible function 

To explain how the incorporation of the GFP-Cwp1p fusion protein takes place 

after cytokinesis on the daughter side of the septum only, whereas the gene is 

transcribed in the mother cell nucleus, we hypothesized that the CWP1 mRNA might 

be preferentially localized to the bud. For the localization of ASH1 mRNA, stem-loop 

structures in the 3'-region of the mRNA are required, but even though a large stem 

loop structure is predicted to be present in the 3'-untranslated region of the CWP1 

messenger, no indications of specific mRNA localization were found when we 

determined the localization of an MS2-tagged GFP-CWP1 mRNA. In addition,, we 

used mutant strains lacking genes essential for the localization of ASH1 mRNA, but 

GFP-Cwp1p was still correctly localized in these strains. Therefore, it seems unlikely 

that CWP1 mRNA localization is responsible for the asymmetric distribution of the 

protein. A second possibility is that the delay might be explained by a prolonged 

residence of GFP-Cwp1p in the secretory pathway or elsewhere in the cell before its 

localization to the birth scar region and incorporation into the wall. In that case, 

significant amounts of protein should be detectable in fractions other than the wall. 

However, the protein detected in either cytosolic or membranous fractions added up 

to less than 10% of the amount finally incorporated in the cell wall. 

A third possibility is that the protein is incorporated into both mother and 

daughter secondary septa but is specifically degraded in the mother cell. However, 

this is unlikely, because in the few large-budded cells showing GFP-Cwp1p 

incorporation, fluorescence was always restricted to the daughter side of the septum. 

Moreover, in the mutant strains with delayed or defective cell separation, GFP-

Cwplp fluorescence was found only on the daughter side of the septum. Thus, it 

seems that the incorporation of the protein only takes place in the daughter. 

A final possibility is that translation is restricted to the daughter. Indeed, 

secondary structures in 5' or 3' regions such as those known to be involved in 

translational control (for a review see McCarthy 1998) and are present in the CWP1 

mRNA. This possibility requires further investigation. Because the only known role of 

the birth scar is in bud site selection, a role for Cwplp in this process seemed 

possible. In haploid cells, budding always begins at the proximal pole, with the first 

bud forming adjacent to the birth scar and subsequent buds being placed adjacent to 

the bud scar from the preceding cycle. In diploids, the first bud is placed preferentially 

at the distal pole, but can sometimes form at the proximal pole, and subsequent buds 

can be at either the proximal or the distal pole (Chant and Pringle 1995). In diploid 
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cells, both poles remain marked fora long time. Two plasma membrane proteins are 

known to localize to the region of the birth scar and to be necessary for bud site 

selection, namely Bud9p and Rax2p. Cwplp also localizes to the birth scar and can 

remain at that site for at least four generations, making it a good candidate to be a 

component of the stable mark at that site. However, deletion of Cwplp had no effect 

on the localization of Bud9p or on bud site selection, indicating that if it has a function 

in marking the proximal pole, it must have a redundant partner. 

For the localization and function of Bud9p, other bud site selection proteins 

are required. We found that the localization of GFP-Cwp1p is independent of the 

known pathways for bud site selection; the protein is localized normally in all the 

categories of bud site selection mutants, including those that have lost the ability to 

bud axially in haploids (axil ), those that have lost the ability to bud bipolarly in 

diploids (bud6A, bud7A, bud8A, rax2Aand bud9A), and those that bud randomly in all 

cell types (bud2A and bud5A). Therefore, Cwplp must be localized by an alternative 

mechanism. We found that this mechanism appears to depend on the presence of 

septal chitin. GFP-Cwp1 is not incorporated until after septation, and in many cases 

after cell separation. In mutants in which the septum was misplaced, GFP-Cwp1p 

followed the misplacement and was always localized at the daughter side of the 

septum and finally in the birth scar of the daughter. Only when the septum was 

incomplete could GFP-Cwp1p be found on both sides of the septum, indicating that 

both sides are competent for Cwplp incorporation. Moreover, in ginAAIginAA mutant 

cells that deposited the septal chitin in an ill-defined ring in the neck, GFP-Cwp1p 

again followed this pattern, localizing also to the sides of the neck. Finally, although 

GFP-Cwp1p localization was completely unaffected in strains deleted for CHS3 or 

other genes involved in the activity of Chs3p, in a mutant deficient in Chs2p, the 

enzyme responsible for the synthesis of the chitin in the septum (Silverman et al. 

1988), GFP-Cwp1 became uniformly distributed over the cell, and specific 

localization was completely lost. 

Concluding, we have found characteristic incorporation patterns for three GPI-

dependent cell wall proteins. We for the first time show that for two of those, correct 

timing of transcription in the cell cycle is both required and sufficient, revealing an 

elegant mechanism for the cell to regulate protein localization to specific regions of 

the wall. A third cell wall protein, Cwplp, is incorporated in the birth scar both stably 

and specifically. The incorporation is independent of known pathways for bud site 
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selection, and involves a novel mechanism dependent of the presence and 

localization of septal chitin synthesized by CHSII. 
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ABSTRACT 

We have characterized a yeast mutant with an altered cell wall, that has a 

lowered mannose to glucose ratio. The mutant, cwh14ts, showed temperature 

dependent defects in bud site selection and cell separation. Chitin deposition in 

the mutant was faulty, and chitin structures such as the septum and the bud scars 

were no longer identifiable. These phenotypes could be explained by defects in 

polarized secretion, which in yeast is dependent on the actin cytoskeleton. Indeed, 

actin cables could no longer be identified, and in large-budded cells the actin did 

not redistribute to the neck region. The gene mutated in cwh14ts was cloned and 

identified as LST8, mutants of which display defects in secretion. Deletion of 

CWH14/LST8 was lethal. The gene product is highly conserved in eukaryotes, 

indicating that it performs an essential, conserved function, possibly in the 

establishment or maintenance of the cytoskeleton. 

INTRODUCTION 

The yeast cell wall is an essential organelle. It protects the cell from 

mechanical and osmotic stress, and forms a permeability barrier, preventing 

damage by antifungal peptides and cell wall degrading enzymes. Additionally, it 

determines the shape of the cell. Although the cell wall must be rigid to perform its 

function in protecting the cell from stress, it must not hinder growth. Therefore, cell 

wall biosynthesis is coordinated with the cell division cycle. During the cell cycle, 

first a site for budding is selected, and material for bud initiation and growth has to 

be delivered to the plasma membrane at this site. Then cell wall material is 

deposited in the bud, first at the tip and later at the entire bud surface (Farkas et al. 

1974, Johnson and Gibson 1966). Subsequently, a three-layered septum must be 

generated between mother and daughter (Cabib et al. 1969), followed by the 

specific degradation of the chitinous primary septum by chitinase for successful 

cell separation (Kuranda and Robbins 1991). These events require polarized 

secretion of cell wall proteins and cell wall biosynthetic or degrading enzymes. 

Indeed, shortly before bud emergence, Golgi vesicles accumulate at the incipient 

bud site, and similar vesicles accumulate in the neck region of large-budded cells 

around the time of cytokinesis (Preuss et al. 1992). 
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In yeast, polarized secretion is believed to be mediated by the actin 

cytoskeleton, which consists of actin cables and cortical patches (for a review see 

Botstein et al. 1997). Although it is not clear if the patches are responsible for the 

targeting of the cables or vice versa (Karpova et al. 1998, Pruyne et al. 1998), it is 

clear that the cortical patches accumulate at sites correlating with active cell 

surface growth (Adams and Pringle 1984, Kilmartin and Adams 1984) and that the 

cables are required to direct the Myo2p-dependent trafficking of secretory vesicles 

toward those sites (Pruyne et al. 1998). 

Mutations in ACT1, encoding actin, and in other genes involved in the 

distribution of the actin patches lead to aberrant cell wall morphologies (Mulholland 

e^ al. 1997, Novick and Botstein 1985), probably caused by the inability to correctly 

distribute the vesicles containing components required for cell wall synthesis. For 

example, the catalytic subunit of (3-1,3-glucan synthase, Fks1 p, localizes to areas of 

growth (Qadota et al. 1996) and can be redistributed quickly when required, in an 

actin-dependent manner (Delley and Hall 1999). These transport defects might 

relate to transport of vesicles from the Golgi to the plasma membrane, containing 

newly synthesized cell wall mannoproteins and biosynthetic enzymes (Mulholland 

et al. 1997, Santos and Snyder 1997), as well as endocytic vesicles, required for 

potential redistribution of cell wall biosynthetic enzymes, as has been shown to be 

the case for Chs2p and Chs3p (Chuang and Schekman 1996). 

Analyzing a set of cell wall mutants for those that might reveal defective 

coordination between the cell cycle and cell wall biosynthesis, we focused on 

cwh14ts, a temperature-sensitive mutant that showed a relatively decreased 

amount of mannoproteins in the wall. At the restrictive temperature, aberrant chitin 

distribution was observed, and the mutant was unable to complete cell separation. 

Actin cables were never observed, and actin redistribution toward the neck region 

of large-budded cells did not take place, correlating strongly with the faulty chitin 

deposition and defective cell separation. 
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MATERIALS AND METHODS 

Strains, media, and general methods 

Saccharomyces cerevisiae strains used are cwh14ts (MATu cwh14-1 ura3-

52) and its isogenic wild type AR27 (MATu ura3-52), cwh14-4A {MATa cwh14-1 

Iys2) and its isogenic wild type AR49 (MATa Iys2), cwh14A 

(MATala cwh14A::HIS3/CWH14 his3A300/his3A300 um3-52/ura3-52 

leu2A1/leu2A1 lys2A202/lys2A202 trp1A63/trp1A63) (this report), its congenic wild 

type FY835 (MATala his3A300/his3A300 ura3-52/ura3-52 leu2A1/leu2A1 

lys2A202/lys2A202 trplA63/trp1 A63) and the isogenic haploids FY833 (MATa 

his3A300 ura3-52 leu2A1 lys2A202 trp1A63) and FY834 (MATa his3A300 um3-52 

leu2A1 \ys2A202 trp1A63). Yeast cells were grown in YPD or supplemented 

minimal media (Adams er a/. 1996) at 28°C, unless otherwise specified. 

Transformations were carried out using the LiOAc method as described in Adams 

et al. (1996). Sporulation and tetrad dissection were performed as described in 

Adams etal. (1996). 

Plasmid construction 

From the YCp50 genomic library a plasmid (pGS14) was isolated that 

complemented the cwh14,s mutation. From this plasmid, a plasmid was 

constructed containing CWH14 as the only open reading frame by digestion with 

Xbal, purification of the vector and religation of its ends (see Fig 5). 

Strain construction 

Knockout strains were generated with the PCR products from the 5' primer 

S'-ATGTCTGTTATCTTAGTATCTGCTGGCTATGACCACACAATAAGATTTTGGAATTC 

CCGGGGATCCG-3' and the 3' primer 5'-CTATACATCGTTTAATGCGACACATACAG 

CTCCCTTGTGGTGTCCACCGTAAGCTAGCTTGGCTGCAG-3' (sequences 

hybridizing to YNL006w are underlined), containing 50 base pairs of YNL006w 

flanking sequence, and a 17/18-bp sequence hybridizing to the knockout cassettes 

from the YDp plasmids (Berben er al. 1991). PCR products were directly 

transformed to the diploid FY835. Chromosomal DNA was isolated from 

prototrophic colonies, digested with Xbal and probed with a 1.5-kb Xbal-Sphl 

CWH14 fragment covering the entire open reading frame. A restriction fragment of 
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2.4-kb represented the wild-type allele, whereas replacement of the ORF with HIS3 

led to a 2.8-kb restriction fragment (not shown). 

Microscopy 

For fluorescence microscopy, cells were harvested, washed once in PBS, 

and sonicated. For chitin staining, Calcofluor white was added to a final 

concentration of 20 ug/ml. For actin visualization, cells were incubated with 20 U/ml 

rhodamin-phalloidin (Molecular Probes) for 90 min, washed in PBS and 

resuspended in mounting medium. DAPI (4',6-diamidino-2-phenylindole) was 

used to stain DNA within the cell. Cells were incubated with DAPI (0.1 mg/ml) for 

ten minutes and washed in water. Cells were observed with an Olympus BH-2 

microscope, and photographed using a Hamamatsu C5985 CCD camera and 

Object Image 1.62n2 software. 

RESULTS 

cwh14ts shows abnormal budding patterns, and defective chitin deposition and 

cell separation 

The mutant cwh14ts was identified in a screen for cell wall mutants, selecting 

for Calcofluor white (CFW) hypersensitivity (Ram et al. 1994). In addition to CFW, 

the mutant was hypersensitive to caffeine and staurosporine, indicating a role in 

signal transduction or dependence on stress response mechanisms, could not 

Figure 1: cwhl4a mutants have aberrant cell and bud 

morphologies at permissive temperatures. 

10 jim 
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Figure 2: Morphological 

defects after growth at the 

restrictive temperature for 4 

hours. A: Upper panels: Light 

microscopy, lower panels: 

Calcofluor white staining. 

Multibudded clusters form, 

and no septa can be 

distinguished in large-budded 

cells. B: Calcofluor white 

staining. Buds are often 

positioned at non-proximal 

locations, and bud scars are 

not present as well-defined 

rings. Arrows indicate 

protrusions that are likely to 

be bud scars. C: Calcofluor 

white staining. Chitin is often 

deposited in thick and diffuse 

layers. Septum-like structures 

can be deposited at anomalous 

locations (see lower left 

panel), but generally nothing 

resembling a normal septum is 

observed. Bars correspond to 

a length of 10 urn. 
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grow at 37°C and had a decreased ratio of mannan to 

glucan in the wall. 

Morphological examination of cwh14ts showed 

that the cells were enlarged, and that buds often had 

irregular morphologies (Fig. 1). When mutant cells 

were shifted to the restrictive temperature, growth was 

arrested after approximately 1.5 generation times at a 

random stage of the cell cycle. This growth arrest was 

reversible, as the culture resumed growth when 

shifted back to the permissive temperature even after 

prolonged incubation at the restrictive temperature. 

Whereas 80% of the cells arrested growth altogether, 

20% of the cells continued to bud, but appeared to be 

unable to separate daughter cells from their mothers, 

resulting in multibudded clusters of cells (Fig. 2A). In 

these multi-budded clusters, the buds often were not 

positioned on the same pole, deviating from the 

normal axial budding pattern of haploid cells. 

A closer look at CFW-stained cells revealed that, 

also in cells that did not have multiple buds, the 

budding pattern was altered, and budding occurred at 

non-proximal positions more frequently than in wild-

type cells at 37'C (Fig. 2B). Budding patterns were very 

difficult to quantify, however, since chitin deposition 

was very much disturbed in the mutant. Chitin was 

often deposited in a thick and diffuse layer (Fig. 2C). 

Also, the bud scar, normally a well defined ring on the 

outside of the wall, was no longer normal, but rather 

Figure 3: Nuclear division and migration are normal in 

cwhl4". DAPI staining of cwhl4's cells grown at 37°C for 5 

hours. Stained cells representative for different nuclear division 

cycle stages were selected. 

10 fxm 
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looked like an ill-defined deposition of chitin that was hard to distinguish from the 

frequent irregularities in the wall. The rows of adjacent bud scars characteristic of 

haploid cells were never recognized in the mutant, although it did seem that what 

appeared to be bud scars were often side by side (see for example Fig. 2B, top 

right panel). 

Defects in cell separation and cell cycle progression might be caused by a 

faulty trafficking of the nucleus. Therefore, we examined nuclear localization by 

DAPI staining in mutant cells grown at the restrictive temperature, and compared it 

with wild type cells grown at 37°C. At all phases of the cell cycle, the nucleus was 

normally localized, and nuclear migration seemed to be as in wild type cells (Fig. 

3). 

Cwh14p is involved in regulation of the actin cytoskeleton 

Defects in cell separation and bud site selection might both be 

consequences of the inability to direct proteins to the correct places. A central factor 

in the polarity of secretion and growth is the actin cytoskeleton. In Saccharomyces 

cerevisiae, actin cables reach from one side of the cell to the other, and actin 

patches accumulate at sites of active growth (Adams and Pringle 1984). 

Proposedly, secretory vesicles containing proteins required at these active growth 

sites are transported along the actin cables to where they are needed (see 

Botstein etal. 1997). 

We stained cwh14ts cells incubated at the restrictive temperature for 5 hours 

with rhodamin-labeled phalloidin, and compared actin staining with that of the wild 

type and the mutant grown at 28°C (Fig. 4). In cwh14ts cells at permissive 

temperature or wild type at either 28°C or 37°C, cables and patches could be 

recognized. In small-budded cells, most of the patches localized to the buds, and 

in large-budded cells patches accumulated in the neck region. In cwh14ts grown at 

37°C no actin cables were observed, and although actin patches were clustered in 

the bud, there were often patches visible in the mother. Also, large budded cells in 

which actin accumulated at the neck region were never detected. Particularly this 

last observation correlates well with the defect in cell separation, since polarization 

toward the neck is required for septum formation and subsequent digestion of the 

primary septum by chitinase (Kuranda and Robbins 1991). 
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Figure 5: Complementation of temperature sensitivity and caffeine hypersensitivity by 

fragments of plasmid pGS14. A plus sign indicates complementation and a minus sign indicates 

lack of complementing activity. The oval on the bar representing the DNA indicates the position 

of the centromere. 

CWH14 is a highly conserved gene 

In an effort to clone the gene mutated in cwh14ts, the strain was transformed 

with a large-fragment yeast genomic library in YCp50 (Rose et al. 1987). Twenty-

one thousand transformants were screened for growth on SD medium without 

uracil at 37"C. From nine growing colonies plasmid DNA was isolated and retested 

for complementing ability. Only one plasmid, pGS14, did so repeatedly. Restriction 

and sequence analysis of the plasmid revealed that it contained a 12-kb insert 

containing the centromeric region of chromosome 14. Further analysis showed 

that the complementation was caused by a single 909 bp ORF, YNL006w (Fig. 5). A 

Figure 4: Actin cables and actin in the neck are lost in cwhl4's at the restrictive temperature. 

Actin staining with rhodamin-phalloidin of wild type cells grown at 37°C (left), of cwhl4's 

grown at 28°C (middle) and cwhl4" grown at 37°C (right). 
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clone which contained only this ORF could fully complement Calcofluor white 

hypersensitivity, caffeine hypersensitivity and temperature sensitivity of the mutant. 

A genomic deletion of YNL006w was made in the diploid strain FY835 by 

replacement of the entire ORF with HIS3, and confirmed by Southern blot analysis. 

The heterozygous diploid was sporulated and tetrads were dissected. Of each 

tetrad, two spores yielded viable colonies, and two spores did not develop into 

visible colonies. The growing colonies were all histidine auxotrophs. Microscopic 

analysis of the two inviable spores revealed that the spores did undergo several 

divisions before arresting growth, but the resulting cells were very large with 

irregular shapes. This phenotype could not be suppressed by osmotic stabilization 

with 1 M sorbitol or 0.5 M KCI or NaCI, which would be expected if the cells lyse 

because of a weakened cell wall. When the heterozygous diploid was transformed 

with a plasmid containing YNL006w and subsequently sporulated and dissected, 

all spores developed into normal colonies. We will refer to YNL006w as CWH14. 

We conclude that deletion of CWH14 is lethal. 

Sequence analysis of Cwh14p showed that it is a protein containing seven 

beta-transducin, or WD40 repeats. WD40 repeats are conserved sequences, and 

are proposedly required for interaction with other proteins (van der Voorn and 

Ploegh 1992). WD40 repeat proteins are involved in many processes, and function 

in multiple compartments of the cell. Very likely, they serve as scaffold proteins for 

the organization of complexes of proteins that are involved in a specific function, or 

at a specific location. 

Figure 6: Sequence comparison of Cwhl4p homologs. Cwhl4p/Lst8p was sequenced in the 

yeast genome sequence project, GenBank Accession # CAA95865.1. The 

SchizoSaccharomycespombe Watlp sequence was obtained from (Kemp, et al. 1997), and is 

identical to the Pop3 sequence, PIR Accession #T39922. Arabidopsis thaliana, Drosophila 

melanogaster, Mus musculus and Rattus norvegicus Cwhl4p sequences (Gen Bank 

Accession #s AAD25820, AAF46509. AAF37719 and AAD03500) were identified through a 

NCBI Blast search, and the human homolog was taken from (Roberg, et al. 1997). The 

sequences were aligned with ClustalW 1.8 (multiple alignment). Pairwise identities were 

calculated with the ALIGN global alignment algorithm. A: Multiple alignment of the Cwhl4p 

family. Identical residues are boxed, homologous residues are in grey. B: Pairwise identities 

within the Cwhl4p family. 
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Looking for sequence similarities of CWH14 with other genes, it was shown 

that it has close homologues in fungi, plants, insects, and mammals. In these 

homologues, length, as well as sequence was conserved, and the sequence 

identity extended outside the repeat regions (Fig. 6). This fact alone already 

indicates that the primary function of Cwh14p will not be in cell wall construction, 

but rather in a process that is conserved in all these species. 

DISCUSSION 

To identify genes involved in the regulation of cell wall biosynthesis in 

response to cues from the cell cycle, we chose to clone the genes mutated in 

strains that not only showed cell wall defects, but also phenotypes indicating an 

involvement in signal transduction processes. The mutant we selected for this 

purpose was cwh14ts, that at permissive temperatures is hypersensitive to CFW as 

well as caffeine and staurosporine, and has a severely decreased mannan to 

glucan ratio in the wall (Ram era/. 1994). The involvement in cell cycle progression 

became apparent at restrictive temperature, when defects in cell separation 

occurred, resulting in multi-budded clusters of cells. Indeed, chitin deposition was 

disturbed, resulting in the appearance of thick chitin layers. Also, no clear septa 

were visible in large-budded cells, and bud scars did not appear as well-defined 

rings, but rather as irregular protrusions from the wall, similar to the aberrant bud 

scars in a calR1 (chs3) mutant (Shaw et al. 1991). 

The Schizosaccharomyces pombe Cwh14p homolog Wa t l p is involved in 

actin localization, and mutation of the gene leads to an elliptical cell shape (Kemp 

et al. 1997). In the cwh14,s mutant shifted to the restrictive temperature, the 

distribution of actin patches looked more or less normal during most phases of the 

cell cycle, although we were unable to visualize any actin cables. However, around 

the time of cytokinesis, when the actin patches ordinarily gather in the neck region, 

no actin patches were observed in the neck. As this actin localization is required for 

the correct localization of chitin synthase 2, responsible for the synthesis of the 

primary septum, the cell separation phenotype could be due to the absence of actin 

in the neck region. 
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CWH14 was also cloned as LST8 by Roberg et al. (1997). The Ist8 mutation 

was synthetically lethal with sec13-1, the wild type allele of which encodes a COPII 

vesicle coat protein and is involved in transport from ER to Golgi as well as 

transport from Golgi to the plasma membrane. The Ist8 mutant showed reduced 

uptake of certain amino acids, probably due to retention of the general amino acid 

permease (Gaplp) in the Golgi. Since Pma lp , the plasma membrane ATPase, 

was normally transported to the plasma membrane, it was concluded that Lst8p 

was involved specifically in sorting of the amino acid permease to the plasma 

membrane. In contrast, however, to mutations in SEC13 and two other LST genes, 

Ist8 was not suppressed by a deletion of PEP12, blocking transport to the vacuole 

and restoring the sorting of COPII secretory vesicles to the plasma membrane 

(Roberg et al. 1997). Also, a simple defect in amino acid transport does not explain 

the lethality of the lst8A/cwh14A mutation, suggesting a broader function. 

Beta-transducin repeat proteins function in a broad variety of processes. 

Real Go proteins contain 7 WD40 repeats, which form a circular propeller-like 

structure. The conserved repeats form the structure, exposing variable linker 

sequences on the exterior face of the propeller blades (Smith et al. 1999, Sondek 

et al. 1996, Wall et al. 1995). Although Gp can not fold into this structure without the 

Gy subunit, other WD40 repeat proteins with 7 repeats from both yeast and 

mammals are able to fold into globular, trypsin-resistant structures (Garcia-

Higuera et al. 1996), suggesting a similar structure. WD40 repeat proteins have 

been proposed to generally interact with other proteins (van der Voorn and Ploegh 

1992). Since many of them (among which the Cwh14 family) do not have protein 

extensions outside the 7 repeats, additional functions are difficult to envision. The 

proposed specificity for tetratricopeptide repeat proteins (van der Voorn and Ploegh 

1992) does not seem to be imperative. Rather, it could be proposed that the 

interrepeat regions determine the protein interaction specificity. 

In this regard, it is interesting to note that the CWH14 homologues 

described in this chapter are conserved in the inter repeat regions as well. It is 

therefore unlikely that the mammalian homologues are actually Gp proteins, as is 

proposed (B.D. Rodgers, personal communication), but rather that they perform a 

different, essential function conserved in all eukaryotes. This function would likely 
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be in the assembly or orientation of the cytoskeleton. Disruption of this function 

likely leads to defects in secretion of vesicle targeting, resulting in defects in cell 

separation and chitin deposition, mislocalization of plasma membrane proteins, 

as well as other phenotypes associated with a defective cytoskeleton. 
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Chapter 5 

The yeast Saccharomyces cerevisiae is the first fungus for which the 

structure of the cell wall is known at a molecular level. It is a dynamic and highly 

regulated structure. This is vividly illustrated when the cell wall is damaged and a 

salvage pathway becomes active, resulting in compensatory changes in the wall. 

Introduction 

Fungi devote a considerable amount of metabolic energy to building a cell 

wall, which accounts for 20-30 percent of the cell dry weight. Not only does the 

fungal cell wall have a skeletal function, it also plays a key role in morphogenesis 

and cell-cell recognition. We present a tentative molecular model of the cell wall of 

Saccharomyces cerevisiae. We further show that the composition and structure of 

the cell wall are strictly regulated and vary in response to a wide range of 

environmental conditions. We also touch upon the relation between the cell wall 

and morphogenesis. Finally, we present evidence for the existence of a salvage 

pathway, designated as the cell wall integrity pathway, allowing the cell to 

compensate for various forms of cell wall damage. Although the cell wall of 

Saccharomyces cerevisiae is certainly not representative of all fungi, we believe 

that our model has a strong predictive value for studying the cell wall of the 

Ascomycotina, and especially Candida albicans. 

A molecular model of the cell wall 

Based on recent work by various groups (Kapteyn et al. 1999b, Kollar et al. 

1995, Kollar et al. 1997, Mrsa et al. 1997) (see for reviews Kapteyn et al. 1999a, 

Lipke and Ovalle 1998) we present a tentative model of the cell wall of yeast at a 

molecular level (Figure 1). The main features of this model are: 

(1) An internal skeletal framework formed by a three-dimensional network of 

(3-1,3-glucan molecules which surrounds the entire cell and is largely responsible 

for the mechanical strength of the wall. Because mature (3-1,3-glucan molecules 

are branched (Manners et al. 1973), they have multiple nonreducing ends. These 

may function as attachment sites for the other components of the cell wall (Kollar et 

al. 1995, Kollar etal. 1997). 

(2) The skeletal framework is strenghtened by chitin chains (Kollar et al. 

1995), which are mainly found close to the plasma membrane. However, some 
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Pir-CWP 

3-1,6-glucan 

i 
CO 

u 

i 
0^_ 

[5-1,6-glucan |3-1,6-glucan 

* 

A 
chitin 

F i g u r e 1. A molecular model of the cell wall of Saccharomyces cerevisiae. The internal 

skeletal layer consists of (3-1,3-glucan molecules that form a three-dimensional network 

surrounding the entire cell. This network is kept together by local alignments between segments 

of (3-1,3-glucan molecules allowing the formation of multiple hydrogen bridges. At the outside 

of the skeletal layer cell wall proteins are linked to the nonreducing ends of (3-1,3-glucan 

molecules either directly (Pir-CWPs) or indirectly through an interconnecting (3-1,6-glucan 

moiety (GPl-CWPs). Some GPI-CWPs such as Cwplp may be linked both ways. After 

cytokinesis, the skeletal layer becomes strengthened by the coupling of chitin chains to 

nonreducing ends of |3-l,3-glucaii chains. This takes place mainly at the inside of the skeletal 

layer. p-l,6-Glucan is much more branched than [3-1,3-glucan (Kapteyn et al. 1997, Manners, 

et al. 1973b), probably explaining why the mature (3-1,6-glucan molecule is water-soluble. 

Thus, (3-1,6-glucan probably functions as a flexible tether for GPI-CWPs. Note that branched 

polysaccharides such as (3-1,3-glucan and (3—1,6-glucan in principle have a single reducing end 

and multiple nonreducing ends. For reasons of clarity, non-covalently bound proteins and 

proteins linked through disulfide bridges to other cell wall proteins have been omitted. CWP, 

cell wall protein. GPI, glycosyl phosphatidylinositol. Pir, protein with internal repeats. This 

model is based on data from (Kapteyn et al. 1999a, Kapteyn et al. 1999b, Kollar et al. 1995, 

Kollar et al. 1997, Lipke and Ovalle 1998. Manners et al. 1973a, Mrsa et al. 1997, Rees 

1977). 
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chitin chains become linked to short side-chains of (5-1,6-glucan (Kapteyn et al. 

1997). 

(3) Mature p-1,6-glucan molecules are mainly found at the outside of the 

skeletal framework and interconnect a particular class of cell wall proteins (GPI-

CWPs) with the framework (Kollar era/. 1997). 

(4) Two classes of covalently linked cell wall proteins (CWPs) are known, the 

already mentioned GPI-CWPs (Caro era/. 1997, Hamada etal. 1998, Hamada et 

al. 1998) and the Pir-CWPs (Kapteyn et al. 1999b, Mrsa, et al. 1997, Yun et al. 

1997). They differ from each other in that Pir-CWPs seem to be directly linked to p-

1,3-glucan molecules without an interconnecting (3-1,6-glucan moiety (Kapteyn et 

al. 1999) and can be released from the cell wall by mild alkali (Mrsa et al. 1997). In 

contrast to the structural complex GPI-CWP^>p-1,6-glucan->p-1,3-glucan, which 

has been extensively investigated (Kollar et al. 1997), the Pir-CWP^p-1,3-glucan 

complex is yet ill defined. 

Glucan remodeling and cell wall assembly take place outside the plasma 

membrane. Likely candidates for glucan remodeling enzymes are Gas lp , a GPI-

anchored plasma membrane protein (reviewed in Popolo and Vai 1999, see also 

Ram et al. 1998)) and the proteins belonging to the Bgl2 family (Cappellaro et al. 

1998). Interestingly, homologs of Gas lp have been found in various other 

(mycelial) fungi (Nakazawa et al. 1998, Popolo and Vai 1998, Popolo and Vai 

1999). 

The question arises in how far our model has predictive value for other fungi. 

The cell wall of C. albicans, recently reviewed in (Chaffin et al. 1998), is a good test 

case. First, there is strong evidence for the existence of a family of GPI-CWPs 

(Hoyer et al. 1998, Hoyer et al. 1998). Although it has not yet been shown that the 

proteins in this family are linked through an interconnecting (3-1,6-glucan moiety to 

(3-1,3-glucan, there is strong evidence for the presence of the structural complex 

GPI-CWP->p-1,6-glucan^p-1,3-glucan in C. albicans (Kapteyn et al. 1995). 

Second, the cell wall of C. albicans contains several proteins that like the Pir-CWPs 

in S. cerevisiae can be released by mild alkali (Mormeneo et al. 1994), suggesting 

that also in C. albicans a Pir-CWP^(3-1,3-glucan-like complex may exist. Another 

interesting finding concerns a putative GPI-CWP at the cell surface of the mycelial 

fungus Penicillium marneffei (Cao et al. 1998). Taken together, these data strongly 

indicate that our model has predictive value for other Ascomycotina. 
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Functions of cell wall proteins 

Following a genomic approach, we were able to predict the existence of 

approximately 40 different GPI-CWPs in yeast (Caro etal. 1997), and this has been 

confirmed experimentally (Hamada etal. 1998). Although it has been shown that 

cell wall proteins, collectively, limit cell wall permeability (de Nobel etal. 1990), the 

function of most individual cell wall proteins remains a mystery. Some are clearly 

involved in cell-cell adhesion such as the flocculins Flolp, Flo5p, Flo9p, and 

Flo10p (Teunissen and Steensma 1995) and the sexual agglutinins Aga lp , Aga2p, 

and Saglp (Lipke and Kurjan 1992). Flo11p forms a special case (Lo and 

Dranginis 1996, Lo and Dranginis 1998, Robertson and Fink 1998). Discovered 

first as another f locculin, Flo11 p appears to be required for invasive growth into 

agar, and possibly also pseudohyphal growth in response to nitrogen starvation 

(Lo and Dranginis 1998, Robertson and Fink 1998, Rupp et al. 1999). This 

indicates that Flo11p may play a role in determining cellular morphology. Fig2p, 

another GPI-CWP, also seems to affect cell morphology. When fig2k haploid cells 

mate, they form a narrow mating projection and fusion bridge, which interferes with 

nuclear fusion and migration (Erdman et al. 1998). Finally, Egt2p, which is also a 

GPI-CWP, seems to be required for cell separation (Kovacech etal. 1996). 

Several cell wall protein-encoding genes show homology to the 

glucoamylase gene STA1, which is specific for the variant strain S. cerevisiae var. 

diastaticus. However, STA1 is probably the result of a recombination event between 

FL011 and SGA1, the normal glucoamylase. As the homology is limited to the 

FL011 domain, this probably excludes a glucoamylase-like function for the gene 

products involved. 

Regulation of cell wall protein expression 

The recent transcript profiling studies strongly suggest that expression of 

many cell wall proteins is cell cycle regulated (Caro et al. 1998, Cho et al. 1998, 

Spellman etal. 1998) and is affected by nutrient availability (Chu etal. 1998, DeRisi 

et al. 1997). It is further known that pheromones and various other environmental 

conditions affect the expression of CWP-encoding genes (Table 1; see also 

below). 
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Nutrient availability and environmental conditions 

Batch-cultured cells growing on glucose rapidly consume the glucose by 

fermentation thereby producing ethanol. Subsequently, they switch to respiratory 

growth and use up the ethanol before entering stationary phase. The transcript 

levels of many CWP-encoding genes change when the cells switch to respiratory 

growth or enter stationary phase (DeRisi et al. 1997) (Table 1). For example, 

Sed lp , a GPI-CWP (Hamada et al. 1998), becomes a major cell wall protein in 

stationary phase cells (Shimoi et al. 1998). Fermentative growth can also be 

triggered by hypoxic conditions, and a similar set of cell wall proteins is then 

induced. However, other wall proteins are specifically induced under hypoxic 

conditions, indicating that they are regulated differently (Donzeau et al. 1996, Sertil 

etal. 1997) (Table 1). 

When diploid yeast cells are starved for nitrogen, they switch to 

pseudohyphal growth. Interestingly, this is accompanied by increased expression 

of FL011 (Lo and Dranginis 1998, Rupp etal. 1999) and presumably also by 

HSP150/PIR2 (Russo et al. 1993), raising the question if still more cell wall 

proteins are preferentially used by the cell during pseudohyphal growth. Without 

both suitable carbon and nitrogen sources, cells activate the sporulation program. 

This is accompanied by up- and downregulation of various CWP-encoding genes 

(Chu etal. 1998) (Table 1). 

The cell cycle 

Approximately 13% of the genes of S. cerevisiae are regulated in a cell cycle-

dependent manner (Spellman et al. 1998). Intriguingly, more than half of all CWP-

encoding genes (22/43) are cell cycle regulated, including PIR1, the most strictly 

cell cycle-regulated gene in yeast. Although during each phase of the cell cycle 

specific CWP-encoding genes seem to be expressed (Caro et al. 1998, Cho et al. 

1998, Spellman etal. 1998), most of them are active in late M- and early G1-phase, 

around the time of cell separation and the subsequent period of isotropic growth by 

the daughter (Table 1). Finally, consistent with the extensive cell cycle-dependent 

expression of cell wall proteins, some cell wall proteins are indeed known to be 

localized to specific regions of the cell wall (Bony etal. 1998, Ram etal. 1998b). 

117 



The dynamics of cell wall biogenesis in yeast 

Table 1. Overview of CWP-encoding genes which vary in expression levels during the 

cell cycle and under various growth conditions. 

Signal Regulated genes References 
Cell cycle G1 

G2 
M 
M/G1 

Pheromone 

Nutrients carbon source 

nitrogen 

Sporulation 

Stress weakened wal 

temperature 

hypoxia 

aluminum 

PRY3, YGR189C, YNL300w 
CIS3, CWP1, CWP2, TIR1 
SED1, YIP1, YOR383C 
AGA1, AGA2, EGT2, HSP150. 
PIR1, PIR3, SAG1, TIP1, TIR5, 
UTR2, YER 150c. YHR126C, 
YLR194C 

AGA1, CWP1, FIG2, SAG1 

(Spellman et al. 
1998, Cho era/. 
1998, Caro etal. 
1998) 

(Erdman et al. 
1998, Lipkeand 
Kurjan 1992) 

CIS3, CWP1. EGT2, FL01, (DeRisi etal. 1997, 
FLÖ5, FLÖ9. SED1, SUN4, TIPl Donzeauer a/. 
TIR1, TIR6, UTR2, YER150w, 1996, Shimoi et al. 
YOR383c 1998, Teunissen 

and Steensma 
1995,a) 

FLÖ11. HSP150 (Lo and Dranginis 
1998, Russoer a/. 
1993) 

AGA2. BAR1, CIS3, CWP1, 
CWP2. EGT2, FIG2, FL011, 
HSP150, PIR1, PIR3, SED1, 
TIP1, TIR2, TIR5, UTR2, 
YDR 134c. YER150w, 
YGR189c, YIB1, YLR110c7 

YLR194C. YOU 55c, YOR214c. 
YOR382w, YOR383C 

CIS3, CWP1, HSP150, PIR3. 
SED1, SSR1 

HSP150, TIP1, TIR1. TIR2 

DAN1, TIP1, TIR1 

(Chuefa/ . 1998) 

SED1. HSP150 

(Kapteyn et al. 
1999a, Ram etal. 
1998a,b) 
(Kowalski et al. 
1995, Russoer al. 
1993) 
(Donzeau et al. 
1996, Kitagakier 
al. 1997, Sertil ef 
al. 1997) 
(Ezaki etal. 1998) 

a. Fujii T, Shimoi H, Fujishige 1. Ohba T: Abstract 246,1998 Yeast genetics and molecular 

biology meeting. July 28-August 2 1998, College Park, Maryland, USA. 

b. J.C. Kapteyn, unpublished data 
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When haploid yeast cells sense the mating pheromone of the opposite 

mating type, they arrest in G1 and form a mating projection (Gustin etal. 1998). The 

density of sexual agglutinins in the wall of the mating projection dramatically 

increases (Lipke and Kurjan 1992). In addition, as discussed above, expression of 

FIG2 (Erdman etal. 1998), which encodes a putative GPI-CWP, is upregulated. 

Also more chitin is deposited in the wall of the mating projection (Lipke and Kurjan 

1992). These observations clearly indicate that the wall of the mating projection 

differs from normal walls. 

The cell wall integrity pathway 

There is increasing evidence that weakening of the cell wall results in 

activation of a salvage pathway, leading to compensatory changes in the wall. We 

propose to call it the cell wall integrity pathway. The existence of such a pathway 

might explain why so many cell wall mutants show hypersensitivity to caffeine 

(Lussier et al. 1997). Caffeine activates protein kinase A, which represses many 

stress responses (Kronstad et al. 1998). Thus, mutant cells might be 

hypersensitive to caffeine because they depend on the cell wall integrity pathway for 

their survival. 

A speculative scheme of the cell wall integrity pathway is presented in Figure 

2. The sensing of cell wall weakening, possibly through membrane stretch, is 

thought to occur by the Wsc and Mid families of membrane proteins (Gustin et al. 

1998). The signal is believed to be relayed to Rho lp through the exchange factor 

Rom2p (Bickle et al. 1998, Schmidt et al. 1997). Rho lp modulates the protein 

kinase C (PKC) pathway (Cabib et al. 1998) as well as the (3-1,3-glucan synthase, 

resulting in increased synthesis of chitin and glucan (Dallies etal. 1998, Kapteyn et 

al. 1997, Ram et al. 1998a), altered cross-linking of glucan and proteins (Kapteyn 

etal. 1997, Kapteyn etal. 1999a), and to increased expression of Cwp lp and Pir-

CWPs (Kapteyn etal. 1997, Kapteyn etal. 1999a, Ram, et al. 1998a). Other stress 

conditions which are also relayed through the PKC pathway, such as high 

temperatures and low osmolarity, might be sensed by the same or similar 

membrane sensors and lead to similar effects. This might be relevant for several 

cell wall proteins (HSP150/PIR2, TIP1 and TIR2), which are more strongly 

expressed at high temperatures (Kowalski etal. 1995, Russo etal. 1993). 
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Figure 2. Model for the cell wall integrity pathway. Cell wall stress is sensed at the cell 

surface by sensor membrane proteins for which the Wsc and Mid proteins are likely 

Candidates. The signal from Slglp/Wsclp is relayed to the exchange factor Rom2p, which 

activates Rholp. Rholp can directly activate the glucan synthase complex as well as the protein 

kinase C pathway, and thus leads to an increased (3-1,3-glucan synthesis and, through the 

Slt2p/Mpklp MAP kinase cascade and an as yet unidentified transcription factor, to increased 

expression of cell wall biosynthetic enzymes and CWPs. Whether alterations in chitin 

synthesis, and possibly also in f3-1,6-glucan synthesis, and the altered cross-linking of proteins 

to the cell wall matrix are achieved through the same signal transduction pathway remains to be 

clarified. 
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Perspectives 

Although many questions concerning cell wall biogenesis remain 

unanswered, our model of the cell wall allows to formulate them in molecular 

terms. Its predictive value concerning mycelial fungi is an important question that 

needs to be further addressed. It is also clear that the wall is highly dynamic and 

forms an integral part of cell metabolism, raising fascinating questions about the 

control mechanisms involved. 
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GENERAL DISCUSSION 

When I started this research five years ago, the catalytic subunit of p-1,3-

glucan synthase had just been cloned, independently by a number of groups . Until 

that time, the cell wall of yeast and other fungi had of course been the focus of study. 

However, the approaches had typically been based on analyzing the composition of 

the wall, and by purifying proteins involved in cell wall metabolism, supplemented 

with cytological studies of cells and regenerating protoplasts. Molecular biology had 

not really found its way into the study of the cell wall. 

Several reasons can be found to explain this. First, when cell biologists look at 

yeast mutants to understand the function of the gene mutated, they will often get rid 

of the wall, since it hinders, for example, the entry of antibodies. Cell wall phenotypes 

are not easily found if one is not explicitly looking, and as the wall hadn't yet been 

"discovered" as an interesting organelle, not many people were looking. Second, 

many mutations in many genes important for cell wall biogenesis do not have strong 

phenotypes. Often, several homologues are present that are normally expressed 

under different conditions, but that can take over each other's functions if one is 

absent. The Bgl family of endoglucanases or transglucosylases, for example, has 

four members, the Gas family five, and the (3-1,3-glucan synthase Fkslp has a very 

close homologue that prevents lethality of a fksl mutant. It is even worse in the case 

of the GPI-dependent cell wall proteins, mutants in which often have no detectable 

phenotype. The last reason why the cell wall is not easy to study with conventional 

genetics and molecular biology is that very many genes affect the cell wall, and often 

in an indirect manner. Among the thousand deletion mutants studied in the 

EUROFAN project, approximately 200 are hypersensitive to Calcofluor white, SDS or 

sonication, indicating defects in the cell wall. In retrospect, this could have been 

expected; all genes involved in cell polarity, secretion, cell cycle progression, and 

even carbon source metabolism, can be expected to have some effect on the cell 

wall, because it is such a huge organelle and its synthesis has to be so well 

coordinated with cell cycle progression and nutrient availability, and because it is 

generated extracellularly, so that all components or synthetic machinery must be 

directed to the right place in or through the plasma membrane. 

In the mean time, several developments have increased interest in the cell 

wall. First, detailed understanding of the exact make-up of the wall has made it 

possible to ask and answer new and more accurate questions about, for example, 
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the incorporation of proteins, and different modes of synthesis in response to varying 

conditions. Second, the completion of the yeast genome project has made it possible 

to easily identify genes involved in cell wall biosynthesis, and to study their effects. 

For example, the in silico identification of all potential GPI-proteins has much 

facilitated the study of cell wall proteins. Also, the development of databases 

containing information ordered by gene or protein has created greater awareness of 

other fields than ones own, and following the example of the GPI-proteins, induces 

researchers to look at phenotypes they would not formerly have been aware of. 

Possibly the most important consequence of the completion of the genome project is 

the development of whole-genome techniques, and particularly the incredible amount 

of whole-genome expression data that have become available to the entire yeast 

community, providing clues as to when and in which cells genes might fulfill their 

functions. A third, unfortunate, development is the fact that the human pathogenic 

yeasts, such as Candida albicans, are gaining ground, because of the increased 

number of immuno-compromised patients. The cell wall is a preferred target for anti

fungal drugs, since it is unique for the fungus and essential to it. In that respect, the 

study of the cell wall of pseudohyphally growing Saccharomyces cerevisiae should 

be a focus of attention, since hyphal Candida is infectious. The, also recently, 

increased understanding of mechanisms leading to the pseudohyphal switch should 

much facilitate this work, and we already know that a cell wall protein is imperative to 

invasive growth. 

One of the most apparent aspects of regulation of cell wall biosynthesis is its 

coordination with the cell division cycle. Simply by looking at growing yeast, one can 

see that there are events, such as bud emergence, cell separation, growth of the bud 

and not of the mother, where cell wall biosynthesis or breakdown must be strictly 

controlled. Indeed, when genes encoding cell wall biosynthetic enzymes were 

cloned, in many cases they were found to be transcribed in a cell cycle dependent 

manner. The same holds true for covalently incorporated cell wall proteins, 

transcription of more than half of which is cell cycle regulated. Since it is impossible 

to separate mothers and buds in amounts sufficient for biochemical or enzymatic 

analyses, we have never been able to study the differences between bud walls and 

mother walls. The identification of many of the participants in cell wall biogenesis 

(different cell wall proteins, Fkslp, Rholp, actin, cell wall sensors such as Wsdp ) , 

has allowed us to determine their locations. Additionally, the now widespread use of 

GFP, has allowed us to follow the movements of the ones that are not fixed in 
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position, and to understand interactions, cause and effect. Therefore, we can now 

study the cell wall and cell wall biosynthesis in detail, and start looking at its specific 

functions. 

One of these functions is the generation or maintenance of cellular polarity. 

Intracellular^, several systems cooperate to generate polarity. However, these 

systems can be depolarized and repolarized, seemingly remembering the situation 

as it was. Therefore, a mechanism must exist that provides fixed landmarks for 

polarity. The cell wall would be an ideal candidate, as proteins or structures 

incorporated in the wall remain fixed. Known examples are of course bud scars and 

the birth scar, that mark the distal and proximal pole, respectively. However, what 

component in birth and bud scar interacts with intracellular components is unknown. 

The fact that cell wall proteins are not uniformly distributed, and can be very 

specifically localized, suggests their involvement in establishment or maintenance of 

cellular polarity. Although we have not yet been able to show such a function of any 

specific cell wall protein, the involvement of the cell wall in the generation or 

maintenance of polarity, and its potential in fixing landmarks that can be used for this 

process, warrants thorough investigation. 
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SUMMARY 

As the cell wall is an essential organelle for the yeast Saccharomyces 

cerevisiae, its integrity must be maintained at all cost. The cell wall protects the cell 

from mechanical stress amongst which the turgor pressure from the cell itself, 

through its rigidity, and from cell wall degrading enzymes and antifungal peptides by 

means of a selective outer layer of cell wall mannoproteins. Furthermore it is 

important for the generation and maintenance of cellular shape and polarity. It must, 

however, never hinder growth, and therefore cell wall biosynthesis and cell growth, 

division and development must be well coordinated. Our knowledge of this 

coordination and of its regulation has much increased in recent years. Our 

understanding of the regulation of cell wall biosynthesis during the cell cycle, during 

various developmental programs and in response to cell wall weakening is reviewed 

in Chapter 1. 

In an effort to identify genes involved in the regulation of cell wall 

biosynthesis, we cloned CWH14/LST8, an essential gene that is highly conserved in 

eukaryotes. In Chapter 4 we describe that the temperature sensitive cwh14ts mutant 

had an altered cell wall composition, and at restrictive temperature revealed defects 

in cell separation, chitin deposition and bud site selection. These defects, and the 

secretion defects observed by Roberg et al. (1998), might be explained by the 

defective organization of the actin cytoskeleton: in the mutant, no actin cables could 

be observed, and the accumulation of actin in the neck that normally takes place 

during mitosis was also undetectable. 

We aimed to understand more about the coordination of cell wall biosynthesis 

and the cell division cycle. We therefore studied the transcription of several cell wall 

proteins during the cell cycle, and found that all five were periodically transcribed, in 

different phases of the cell cycle. This we describe in Chapter 2. In the mean time, 

micro-array studies of cell cycle transcription have taught us that more than half of 

the covalently linked cell wall proteins are transcribed in a cell cycle dependent 

manner. In Chapter 3, we chose to focus on three cell wall proteins, and determined 

their incorporation patterns. We found that none of the three proteins was uniformly 

incorporated into the wall, but that all three had a different pattern of incorporation. 

For T ip lp and Cwp2p, incorporated in unbudded mother cells and growing buds 

respectively, we determined that their localization completely depended on the time 

of transcription during the cell cycle. Exchange of promoter sequences of the genes 
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led to a complete reversal of the incorporation patterns of the proteins. The third 

protein, Cwplp , which is transcribed in the same period of the cell cycle as Cwp2p, 

was incorporated specifically in the birth scar. For the generation of this incorporation 

pattern, correct timing of transcription was essential, but additional information 

contained in sequences downstream of the start codon was also required. Another 

requirement for correct localization of Cwp lp was the presence and correct 

localization of chitin synthesized by chitin synthase II, indicating a novel mechanism 

for protein localization. 
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SAMENVATTING 

Gist is een eencellig organisme, dat zich voortplant door middel van de 

zogenaamde knopvorming: De moeder bepaalt, aan de hand van merktekens aan de 

celoppervlakte, de plaats waar een knop gevormd zal worden, en zorgt dat daar de 

materialen voor groei heengestuurd worden. Dan wordt een klein knopje gemaakt, en 

vervolgens vindt alléén in die knop groei plaats. Als de knop bijna even groot is als 

de moeder wordt in de nek tussen moeder en knop een gelaagd septum 

gesynthetiseerd. Door specifiek een tussenliggende laag van het septum af te 

breken, worden de cellen van elkaar gescheiden. 

Gist is ook een schimmel, en schimmels hebben een dikke wand bestaande 

uit een netwerk van suikerpolymeren (glucanen) en eiwitten. De wand dient om de 

gist te beschermen tegen druk van buiten en van binnen, en is tegelijk een eerste 

contact met de buitenwereld. Zonder de wand ploft gist uit elkaar, de wand is dus 

essentieel. Als de wand echter alleen maar stug en onveranderlijk zou zijn, zou de 

gist niet kunnen groeien. Het is daarom voorstelbaar, dat de celdelings cyclus goed 

gecoördineerd moet worden met de synthese en degradatie van de wand, en er een 

precieze balans gevonden moet worden tussen groei en bescherming. 

De afgelopen vijf jaar hebben we geprobeerd meer te gaan begrijpen van 

deze coördinatie. In hoofdstuk 2 van dit proefschrift beschrijven we dat de synthese 

van vijf verschillende celwandeiwitten niet continu plaatsvindt, maar slechts in 

bepaalde fasen van de celcyclus. Eén eiwit wordt gemaakt in de fase voor 

knopvorming, drie eiwitten in de fase dat de knop groeit, en één rond het moment 

van celseparatie. Intussen weten we, door de waarnemingen van andere 

onderzoekers, dat meer dan de helft van de veertig celwandeiwitten alleen maar 

periodiek aangemaakt wordt. Door te weten wanneer een eiwit gemaakt wordt, kun je 

gerichter zoeken naar de functie ervan. 

In hoofdstuk 3 hebben we dan ook geprobeerd meer uit te vinden over drie 

van de eiwitten, en het belang van hun gereguleerde aanmaak. Om dat te doen 

hebben we eerst bepaald waar de eiwitten precies in de wand zitten, want dat kan 

misschien ook al een indicatie geven. Om dat te bepalen hebben we hybrides 

gemaakt van onze eiwitten met een eiwitje dat fluoresceert. Zo kun je in levende 

cellen de localisatie van eiwitten bekijken. Inderdaad bleken de eiwitten niet zo maar 

overal in de wand te zitten, maar alleen in specifieke gebieden. Het patroon van één 

eiwit was bijzonder interessant. Dat zat alleen maar in het geboortelitteken van de 
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cel, het litteken dat de pasgeboren dochter overhoudt van waar ze aan de moeder 

heeft vastgezeten (de navel van de gist). Dit litteken zit er levenslang, en is erg 

belangrijk voor de oriëntatie van de cel, voor het bepalen van voor- en achterkant. 

We weten nu meer over hoe die patronen tot stand komen, en dat de 

gereguleerde aanmaak van de celwandeiwitten er cruciaal voor is. Wat we helaas 

niet hebben kunnen ontdekken is een reden voor de patronen, of een functie voor de 

eiwitten: als deze eiwitten er niet zijn is de gist nog steeds in topconditie, de wand is 

niet verzwakt, de celdeling niet veranderd, en haar voor- en achterkant kan de gist 

nog steeds prima herkennen. Waarschijnlijk betekent dat dat er andere eiwitten zijn 

die de functie kunnen overnemen, dus dat het systeem een paar backups heeft. Dat 

celwand eiwitten specifiek gelokaliseerd kunnen zijn, suggereert dat ze betrokken 

kunnen zijn bij het vaststellen van polariteit van de cel, en dit is een aspect van de 

celwand dat zeker meer aandacht verdient. 

In hoofdstuk 4 beschrijven we een gist mutant die een erg verzwakte celwand 

heeft, celwandmaterialen op foute plaatsen aflevert en niet goed kan delen. Ook 

heeft deze mutant moeite met het bepalen of onthouden van waar haar voor- en 

achterkant zitten. Het gen dat gemuteerd is blijkt in alle soorten organismen, van 

schimmel tot mens, bijna identiek bewaard te zijn, en heeft daarom waarschijnlijk een 

hele belangrijke en fundamentele functie. Het blijkt inderdaad dat er in deze mutant 

niet specifiek iets mis is met de celwand, maar veel algemener, met de systemen die 

coördineren welk bouwmateriaal waar wordt afgeleverd. 

Samenvattend hebben we ontdekt dat synthese van de celwand bepaald 

wordt door omstandigheden buiten en binnen de cel, en wat ons eerst voorkwam als 

een dikke, dichte, egale muur om de cel heen, blijkt eigenlijk een heel afwisselend en 

veranderlijk geheel te zijn. 

134 



DANKWOORD 

Eigenlijk is het heel simpel: Wetenschapper proberen te worden op een lab, 

dat doe je niet zonder dat lab. Niet alleen omdat het onderzoek dat vereist, vanwege 

de grote hoeveelheid technieken, materialen en ideeën die je moet beheersen, tot je 

beschikking hebben, paraat hebben en onder controle houden, maar vooral ook 

omdat je op een erg laag niveau blijft hangen als je je ideeën niet kunt scherpen aan 

anderen. En daarbij heb je anderen nodig om nietje verkommeren, in elk geval als je 
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houdend. Daardoor kon "ikke self' leren onderzoek doen, wetend dat er altijd iemand 

was om op terug te vallen. Ik wil je daar erg voor bedanken. 

Herman, als mijn promotor was je vaak op de achtergrond aanwezig, maar 

wat ontzettend duidelijk werd je aanwezigheid als er iets mis ging! Razendsnel 
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uiteindelijk uit een volslagen andere weggaat. Daarom wil ik bedanken "Zij die mij 

voorgingen": Arthur, Roy, Jack, Marianne, Heleen, Aloys, Stephan, Piet van Egmond 
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Annemieke, Sandra, Frans Hochstenbach en Hans de Nobel. Nu zijn er "Zij die nu 
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er hier in het boekje staat. Eerst was daar Karen, (kun je het nog lezen in het 

Nederlands) die veel van het werk in hoofdstuk 4 heeft gedaan. Daarna hebben 

Tjeerd en Michel veel voorwerk en kloonwerk gedaan voor wat in hoofdstuk 3 staat. 
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