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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). 

101 



The dynamic of cell wall biogenesis in yeast 

tS o O O i its WT 37°C cwh14ls 28°C cwhU15 37°C 

10 ^m 



Chapter 4 

X XTJX X X X 
cr eng ZJ cr cr rr 

V 

ClrVHM WHP7 HRB1 PET8 RLP7 DOM34 CIT1 

I U — L . J, i I 1 I ^ Z L _ L - _ i „ J - - _ L 

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. 

104 



Chapter 4 

B 

Cwfi14 
:-|.'.'V i! 
.•I' • • . - . • . ! 

m m C w t i l 4 
rm •. . M - I 

4 
dm .• • • 

CwrtrH 

l i lOf>l14 
itnfl I I •. 
rm .-.1.1.1 
twCwh14 
It ;• :••• | 

I v-,1, I -1 

MS 
- - M 5 V Q Y P :;' Q I 3 

M l E N K F I D S # 
M H M . i v •:• ':• i ' P 
M H T I i i j V O S O f ! 

I I I 'J S l A C. Y D ~ 

M I L I I I L L X D H 
u 
V 

V I L 

a t c * * i t 4 
mmCwffa14 
m O b 1 4 

. . . ' • ; 

i n : '.••" 4 • V 

I M T 

spWal • i n 
• I . ' -i i i ' , 
[ ' i ' i i . (H14 I ^p, 
m D N h 1 4 u s 
h s O r t i t 4 i n 

' • •14 111 

t . --.1.1-1 | *3 
SpVUflll |;,i 
ulC«v*ï14 I5c? 
r - imC*t i 14 15Ï 
rnCwh14 i w 

' •' i %? 
i I - I : v.-:!';-' ib,-j 

S P - h \ V 
ftP • - S V i J 

V R - - E S O 
S R N l Q e Q 
S H H L Q C O 
S t . P 4 V P 
A A i ' l « C S 

••-•• 

H 

1. 

>i 
R 

R 

k 

N Y K H N(A P 
N Y 0 H 1- S I P 

i 

i 

I 
i 

F 
i 
i 
F 
l 

i< 5 v fi|P 
O V N 
Q V N 

a v H 
D C C 

A P 
A P 
A P 
ft P 

IS 
M 

"-.' 

ER 

I 

[ v . D U G E N O C I l i e 
,'. ! I E N S C 1 H I 
V. D L 
V# ü L 
A IJ L 

fljav* 
D - M W I i ; 
F - R H I H 

N I K I 
K V R A 
(SI 1 R V 
A I H 1 
- 5 II 1 
A 1 H 1 
S V i I 

13 - T K. 
h i - N K 
h i - I • R 

142 

i ,1 

:\: IS* 
• -1 

l l i : i 
ISO 
IBS 

i 
i-' 

U 
N 
N 
N 

M P H 
M ! N 

. 1 

I S « 

1 Ï 
1 • ; 

• ; 

3 
G 

1. K 
1 Q •• 
F i 
I 1 ! 

'J 1 1 
J I 1 
1 1 Rj 

1' 

I ' 
P 
V 
i : 

, 
K T 
K 1 

K 
K 

r 

K 
K 

1 I 
r4& K | 

4 :•.., ^ 

C * h 1 4 
! V' it' 

• ' ' if 4 SO! 
t i i ' .-.i I -1 :•-,:, 

I I * l14 283 

1 A i 
i A r j i sb 
L A I 0 

' . S U 

LAM 

•• > 

•,,:'.. ,-.t M ;»te 
. -1 I I | is 

(14 309 
4 : . -J I 

E 
>."• A 1 i 
O A 1 b 

: 
' •• 
i M 

| 1 J 
v 

P P 1 0 R l.' aai 

Cwh14 

spWatl 

dmCwh14 

atCwh14 

mmCwh14 

rnCwh14 

hsCwh14 

Cwh14 

100 

spWatl 

67.2 

100 

dmCwh14 

42.1 

43.5 

100 

atCwh14 

45.3 

46.4 

40.7 

100 

mmCwh14 

46.9 

45.3 

48.9 

42.2 

100 

rnCwh14 

46.3 

45.0 

48.9 

41.6 

99.1 

100 

hsCwh14 

46.6 

44.9 

46.7 

40.9 

86.2 

85.3 

100 

105 



The dynamic of cell wall biogenesis in yeast 

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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