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SUMMAR Y Y 

K1C1K1C1 encodes a PAK kinase that is involved in morphogenesis and cell integrity. Both over-

andd underexpressing conditions of KICJ affected cell wall composition. Kiel-deficient cells 

weree hypersensitive to the cell wall perturbing agent Calcofluor white and had less 1,6-/?-

glucan.. When Kiel-deficient cells were crossed with various kre mutants, which also have 

lesss l,6-/?-glucan in their wall, the double mutants displayed synthetic growth defects. 

However,, when crossed with the 1,3-/?-glucan-deficient strain JkslA, no synthetic growth 

defectt was observed, supporting a specific role for KIC1 in regulating 1,6-/?-glucan levels. 

Kicc 1 -deficient cells also became highly resistant to the cell wall-degrading enzyme mixture 

Zymolyase,, and exhibited higher transcript levels of the cell wall protein-encoding genes 

CWP2CWP2 and SED1. Conversely, overexpression of K1C1 resulted in increased sensitivity to 

Zymolyasee and in a higher level of l,6-/?-glucan. Multicopy suppressor analysis of a Kicl -

deficientt strain identified RH03. Consistent with this, expression levels of RH03 correlated 

withh 1,6-/?-glucan levels in the cell wall. Interestingly, expression levels of KIC1 and the 

MAPP kinase kinase PBS2 had opposite effects on Zymolyase sensitivity of the cells and on 

celll  wall l,6-/?-glucan levels in the wall. We propose that Kiel affects cell wall construction 

inn multiple ways and in particular in regulating l,6-/?-glucan levels in the wall. 
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INTRODUCTIO N N 

SaccharomycesSaccharomyces cerevisiae is protected from extracellular challenges by its cell wall. 

Thesee challenges can vary from hypo-osmotic stress to mechanical damage and toxic 

compoundss from other organisms. The yeast cell wall consists of l,3-/?-glucan, 1,6-/7-glucan, 

chitinn and mannoproteins, which are interconnected in an ordered manner (Kli s et ah, 2002). 

Celll  wall construction and composition are highly dynamic: the composition and structure of 

thee newly formed cell wall are continuously adjusted in response to extracellular conditions, 

andd even to progress in the cell cycle. This indicates that cell wall construction is highly 

regulated. . 

Thee cell wall perturbing agent Calcofluor white has been a valuable tool in identifying 

mutantss with a defective cell wall (Roncero et ah, 1988; Ram et ah, 1994; Lussier et ah, 

1997;; De Groot et ah, 2001). Analysis of mutants hypersensitive to Calcofluor white has 

resultedd in the identification of numerous genes involved in different aspects of cell wall 

biogenesiss (Ram et ah, 1995, Jiang et ah, 1995; Vossen et ah, 1995; Jiang et ah, 1996; Van 

Berkell  et ah, 1999). In addition, screening for mutants resistant to this compound, has led to 

thee identification of several genes involved in chitin biosynthesis (Roncero et ah, 1988). 

Thee KICl gene encodes an essential protein kinase, which is involved in cell integrity 

andd morphogenesis. This kinase was identified in a two-hybrid screen with the yeast centrin 

CDC31.CDC31. The in vitro kinase activity of Kiel was found to be dependent on CDC31. However, 

KIClKICl  did not share the CDC31 functions in spindle pole body (SPB) duplication, but rather 

revealedd a novel function for CDC31 (Sullivan et ah, 1998). This was further supported by a 

mutationall  analysis of CDC31, which resulted in dissection of the SPB-related functions and 

A7C7-relatedd functions (Ivanovska and Rose, 2001). 

Thee PKC mitogen activated protein kinase (MAPK) pathway is commonly known as 

thee cell (wall) integrity pathway, although this is certainly not the only MAPK pathway that 

hass an effect on cell wall biosynthesis and composition (Kli s et ah, 2002). For instance, 

activationn of the pheromone response pathway results in the formation of a mating projection 

andd considerable alterations in the cell wall. In this case, at least part of this may be 

coordinatedd through the PKC MAPK pathway (Buehrer and Errede, 1997). Evidence is also 

accumulatingg that the HOG MAPK pathway plays a role in cell wall assembly. 

Overexpressionn of PBS2 - the MAP kinase kinase of this pathway - results in resistance to the 

Kll  killer toxin (Jiang et ah, 1995) and to laminarinase (Lai et ah, 1997), an enzyme 

preparationn that contains l,3-/?-glucanase as its main activity. In addition, mutations in either 

PBS2PBS2 or HOG1 results in Calcofluor white resistance (Garcia-Rodriquez et ah, 2000). 

Kll  killer toxin is a powerful tool for identifying mutants with defects in 1,6-/?-glucan 

synthesiss and/or assembly (Al-Aidroos and Bussey, 1978; Boone et ah, 1990; Brown et ah, 

1993).. This pore-forming protein needs to bind its acceptors (l,6-/?-glucan and Krel) in order 
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too perform its lethal action (Bussey, 1991; Breinig et al, 2002). Mutants defective in the 

biogenesiss of 1,6-/?-glucan hold less of this acceptor, and therefore are resistant to this killer 

toxin.. Several genes have been identified, whose gene products mainly localize throughout 

thee secretory pathway (reviewed in Shahinian and Bussey, 2000). How the synthesis of 1,6-/?-

glucann is regulated is largely unknown. 

Heree we describe the identification and characterization of CWH30, which is allelic to 

thee previously described KIC1 gene. A Kiel-deficient strain is not only hypersensitive to 

Calcofluorr white, but is also resistant to Zymolyase, a cell wall degrading enzyme mixture, 

indicatingg that its cell wall is affected. We show that mutation of K1C1 results in Kl killer 

toxinn resistance and decreased levels of l,6-/?-glucan. Furthermore, KIC1 expression levels 

weree found to correlate with 1,6-/?-glucan levels in the cell wall. Multicopy suppressor 

analysiss of a Kic 1-deficient strain identified RHÖ3 which itself was found to strongly affect 

l,6-/ï-glucann levels. We propose that KIC J is involved in regulating the 1,6-/?-glucan levels in 

thee cell. 
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MATERIAL SS AND METHOD S 

Strainss and media. The yeast strains used in this study are listed in Table 1. The strains were 

grownn in YPD (1% [w/v] yeast extract, 1% [w/v] Bacto Peptone, 3% [w/v] glucose), YPGal 

(1%% [w/v] yeast extract, 1% [w/v] Bacto Peptone, 3% [w/v] galactose), or in SD (0.17% 

[w/v]]  yeast nitrogen base without amino acids and ammonium sulfate, 2% [w/v] glucose, 

0.5%% [w/v] ammonium sulfate, buffered at pH 6.0 with 1% [w/v] MES 

[morpholinoethanesulfonicc acid]) supported with the necessary amino acids, at 28°C or 37°C. 

Forr solid media, 2% (w/v) Bacto Agar was added. The Kl killer assays were performed in 

eitherr YPD or SD media, which for this purpose were buffered at pH 4.7 using 3% (w/v) 

sodiumm citrate and supplemented with 0.003% methylene blue. Yeast genetics, sporulation, 

andd transformation followed established procedures (Sherman and Hicks, 1991). Escherichia 

coltcolt strain DH5cc was used for propagation of all plasmids, and was grown in LB medium 

(1%% [w/v] Bacto Tryptone, 1% [w/v] NaCl, 0.5% [w/v] yeast extract). Yeast extract, Bacto 

Peptone,, Bacto Tryptone, yeast nitrogen base, and Bacto Agar were all from Difco 

Laboratories,, Detroit, Michigan (USA). 

Strainn construction. Strains JV67 and JV68 were constructed by transforming strains 

HAB251-15BB and AR835 with KIC1 disruption constructs, using the HIS3 and TRP1 

markers,, respectively. The disruption constructs were created according to Berben et al, 

(1991).. Primers used for this purpose are listed in Table 2. Correct integration of the 

disruptionn constructs was confirmed by Southern analysis, using the 4 kb Hindlll fragment 

fromm plasmid pl4 as a probe (see below). JV80 and JV83 were haploid offspring of JV68 and 

JV67,, respectively. JV142 and JV143 were haploid offspring of JV67 transformed with the 

PGALI-KICIPGALI-KICI plasmid (see below). JV144 and JV145 were offspring of JV68 transformed with 

thee PGALI'KICI plasmid. These four haploid strains propagated the PGAU:KIC1 plasmid even 

withoutt selective pressure. 

JV2022 was the progeny of the JV143 x HAB813 diploid. JV215 was a haploid 

offspringg of the JV143 x TR95 diploid. JV220 was a haploid descendant from the JV143 x 

HAB637-1AA diploid. The JV168 strain was a haploid descendant from the JV145 x AR100 

diploid.. JV264 was constructed in the FY833 background, using a PBS2 disruption construct 

withh a HIS3 marker. This construct was created as described by Berben et al, (1991), and 

correctt integration was confirmed by PCR. Primers are all listed in Table 2. JV268 resulted 

fromm the JV144 * JV264 diploid. 

Strainss EV116 and EV077 were constructed in the FY834 background, using PCR-

generatedd disruption constructs with the HIS3 marker (Berben et al, 1991). Primers are listed 

inn Table 2. Correct integration was confirmed by PCR. 
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Tablee 1. Yeast strains used in this study 

Strain n 

SEY6210 0 

HAB251-15B B 

FY833 3 

FY834 4 

AR835 5 

T158C/S14a a 

cwh30-l cwh30-l 

JV67 7 

JV68 8 

JV80 0 

JV83 3 

JV141 1 

JV142 2 

JV143 3 

JV144 4 

JV145 5 

AR100 0 

HAB637-1A A 

Genotype e 

MAT aa leu2-3,112 ura3-52 his3A200 Iys2-80I trpl-A901 suc2A9 

MATa/aa SEY6210 autodiploid 

MATaa his3A200 ura3-52 leu2Al fys2A202 trplA63 

MAT aa his3A200 ura3-52 leu2Al lys2A202 trplA63 

MATa/aa FY833 * FY834 

killerr toxin producing strain 

MAT aa ura3-52 cwh30-l 

HAB251-15BB kicL:HIS3 

AR8355 kicl.TRPl 

MAT aa his3A200ura3-52!eu2AItys2A202trplA63 kk!::HIS3 

MAT aa Ieu2-3,1I2 ura3-52 his3A200 lys2-801 trpl-A901 suc2A9 

kicl::HIS3 kicl::HIS3 

MAT aa leu2-3,112 ura3-52 his3A200 lys2-801 trpl-A901 suc2A9 

kicl::TRPlkicl::TRPl + PGALI:KIC1 

MAT aa Ieu2-3,U2 ura3-52 his3A200 lys2-801 trpl-A901 suc2A9 

kicl::HIS3kicl::HIS3 + PCAL1:KIC1 

MAT aa leu2-3,112 ura3-52 his3A20O Iys2-80I trpl-A901 suc2A9 

kicl::HIS3kicl::HIS3 + PGALI:K1C1 

MAT aa his3A200 ura3-52 leu2Al lys2A202 trplA63 kicl::TRPI + 

PPGAllGAll:KIC! :KIC! 

MAT aa his3A200 ura3-52 leu2Al \ys2A202 trplA63 kicl::TRPl + 

pQAU'^lCl pQAU'^lCl 

MAT aa his3A200 ura3-52 leu2Al \ys2A202 trplA63 jksl::HIS3 

MAT aa leu2-3,112 ura3-52 his3A200 fys2-801 trpl-A90I suc2A9 

krel::HIS3 krel::HIS3 

Source/reference e 

S.D.. Emr 

Roemerr and Bussey 

(1991) ) 

Winstonn et al., 

(1995) ) 

Winstonn et al., 

(1995) ) 

A.F.J.. Ram 

Busseyy et al, 

(1979) ) 

Ramm et al., (1994) 

Thiss study 

Thiss study 

Thiss study 

Thiss study 

Thiss study 

Thiss study 

Thiss study 

Thiss study 

Thiss study 

Ramm etal, (1998) 

Boonee et al, (1990) 
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HAB813 3 

TR95 5 

JV168 8 

JV202 2 

JV215 5 

JV220 0 

JV264 4 

JV268 8 

EV116 6 

EV077 7 

MAT aa Ieu2-3,U2 ura3-52 his3A200 Iys2-801 trpl-A901 suc2A9 

kre9::H!S3 kre9::H!S3 

MAT aa Ieu2-3,U2 ura3-52 his3A200 Iys2-80J trpl-A901 suc2A9 

kre6::HIS3 kre6::HIS3 

MATaa his3A200 ura3-52 leu2Al lys2A202 trp!A63 flcsl::HIS3 

kicl::TRPl+Pkicl::TRPl+PGAL1GAL1:KICl :KICl 

MAT aa leu2-3,112 ura3-52 his3A200 Iys2-80I trpI-A901 suc2A9 

kre9::HIS3kre9::HIS3 kicl::HIS3 + PGAL1:KIC1 

MAT aa leu2-3,112 ura3-52 his3A200 lys2-801 trpl-A901 suc2A9 

kre6::HIS3kre6::HIS3 kicl::HIS3+PGALI:KIC1 

MAT aa Ieu2-3,112 ura3-52 his3A200 lys2-801 trpl-A901 suc2A9 

krel::HIS3krel::HIS3 kicl::HIS3 + PGAL,:KIC1 

MATaa his3A200 ura3-52 leu2Al fys2A202 trplA63 pbs2::H!S3 

MATaa his3A200 ura3-52 leu2Al lys2A202 trplA63 kicl::TRPl 

pbs2::HIS3pbs2::HIS3 + PGAL1:KIC1 

MATaa his3A200 ura3-52 leu2Al lys2A202 trplA63 rho3::HIS3 

MATaa his3A200 ura3-52 leu2Al lys2A202 trplA63 rho4::HIS3 

Brownn and Bussey 

(1993) ) 

Roemerr and Bussey 

(1991) ) 

Thiss study 

Thiss study 

Thiss study 

Thiss study 

Thiss study 

Thiss study 

thiss study 

thiss study 

Plasmids,, oligonucleotides and recombinant DNA techniques. For the cloning of the 

KIC1/CWH30KIC1/CWH30 gene, a YCp50-based genomic library was used (Rose et al, 1987). The 

plasmidd that could complement the cwh30-l mutant was named pi4. The 4 kb Hin&lll 

fragment,, containing the complete KICl open reading frame, was subcloned into YEplacl95 

(Gietzz and Sugino, 1988) and named p61. Plasmid p62 was isolated from a YEpl3 based 

genomicc library based on its ability to complement the cwh30-l mutant. 

DNAA handling and manipulation were carried out according to Sambrook et al., 

(1989).. DNA sequencing was performed as described by Sanger et al, (1977), using T7 

DNAA polymerase (Pharmacia). Restriction enzymes, nucleotides, Klenow fragment, and 

alkalinee phosphatase were all from Pharmacia. DNA ligase was purchased from Gibco-BRL, 

SuperTaqq polymerase was from HT Biotechnology (Cambridge, England), Expand high 

fidelityy polymerase was from Boehringer-Mannheim, and oligonucleotides were from 

Eurogentecc (Seraing, Belgium). 

Cloningg of KICl  behind the GAL1 promoter. The Expand high fidelity polymerase was 

usedd to create a KICl fragment with a 5' Xba\ restriction site, followed by three bases of the 

5'' untranslated region (UTR) of KICl and then the KICl open reading frame. The first 500 
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basess of the 3' UTR were included in this fragment, which was followed by a Xhol restriction 

site.. The primers used for this are listed in Table 2. This PCR generated fragment was 

digestedd with Xba\ and Xhol, and subsequently cloned into the corresponding sites of the 

pYEUra33 plasmid (Clontech), resulting in the PGAL1:KIC1 plasmid. 

Tablee 2. Oligonucleotide primers used in this study 

Name e Sequencee (5'-3') 

KIC1KIC1 forward disruption CAGTAATGAC GACGAAGCCA CAAAATAGT A AGCAGGGTTT 

AGCCGAAGGAA GAATTCCCGG GGATCCG 

K1C1K1C1 reverse disruption CAGAACCTGG GGTTTCCTGT CTACCCGCCT CTGTTTTCCT 

GGCAGAAACGG AAGCTAGCTT GGCTGCAG 

PPGALIGALI:KIC1:KIC1 forward 

PPGALIGALI:KIC1:KIC1 reverse 

ACTCTAGATAA ATGACGACGA AGCCAC 

TTCTCGAGTCC TAGGCGCGTT TATAA G 

PBS2PBS2 forward disruption AAGATGGAAG ACAAGTTTGC TAACCTCAGT CTCCATGAGA 

AAACTGGTAAA GAATTCCCGG GGATCCG 

PBS2PBS2 reverse disruption ACGCTATAAA CCACCCATAT GTAATGCCGG TACATTTTTA 

GATAAACCATT AAGCTAGCTT GGCTGCAG 

PBS2PBS2 forward control CAGATCGAGA CGTTAATTTC TCAAA 

PBS2PBS2 reverse control TCACGTGCCTT GTTTGCTTTT 

RHÖ3RHÖ3 forward disruption AACATGTCAT TTCTATGTGG GTCAGCTTCA ACGTCAAATA 

AACCGATCGAA GAATTCCCGG GGATCCG 

RHÖ3RHÖ3 reverse disruption ATATTACAT A ATGGTACAGC TGGATCCACT GTCACTTTTC 

ACTTCGGTTGG AAGCTAGCTT GGCTGCAG 

RH04RH04 forward disruption TTCATGAATA CACTATTATT TAAGCGAAAA GGTGGCAATT 

GTGGGAACGAA GAATTCCCGG GGATCCG 

RH04RH04 reverse disruption TTCTTACATT ATAATACAC T TGTTTTTTCT TAATCTTTTC GTTCCGGAAA 

AAGCTAGCTTT GGCTGCAG 

Multicop yy suppressor  screen. A high-copy pMA3a-based genomic library (kindly provided 

byy M. Crouzet and M. F. Tuite) with an average insert size of 5 - 10 kb was transformed to 

strainn JV141, which contains kiclr.TRPl and carries the PGALJ-KIC1 plasmid. A total of 3 

5000 transformants were replica-plated on selective SD medium containing 100 ug/ml 

Calcofluorr white. Viable colonies were isolated, library plasmids were recovered and 
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retransformedd into the JV141 strain. Serial dilutions of transformants of these strains were 

spottedd on selective SD medium containing 50 jag/ml Calcofluor white. The seven plasmids 

thatt showed the best suppression were selected for further analysis, and were found to contain 

fivee unique inserts (Table 4). Clone 2 contained amongst others the RH03 gene, which 

provedd to be the gene responsible for the suppression. A 2.2 kb SaWXhol fragment 

containingg the RHÖ3 open reading frame (ORF) was removed from clone 2 and cloned into a 

YEplacl811 vector (Gietz and Sugino, 1988) resulting in the pEV021 plasmid. The remaining 

partt of clone 2 was religated, and the resulting plasmid lost the ability to suppress the kicl 

mutant,, whereas plasmid pEV021 retained the ability to suppress the kicl mutant. Clone 11 

andd 13 contained an identical insert, and clone 11 was subjected to further analysis. A 2.4 kb 

XhoVSaRXhoVSaR fragment (the Sail restriction site was located in the pMA3a plasmid, 0.3 kb from 

thee BamHl site which was used for the insertion of the genomic fragments) was cloned into 

YEplacl811 resulting in plasmid pEV017, which contained MSG5 ORF and could suppress 

thee kicl mutant. Clone 23 and 44 also showed an identical insert, in which the STB3 gene was 

thee only complete ORF. In addition, 2.3 kb of the 3' end of the SEC7 coding sequence was 

presentt in this insert. This 2.3 kb fragment was removed by a XhollSall digest of clone 44, 

usingg the Xho\-s\te in the insert and the Safl-site in the pMA3a vector, 0.3 kb from the insert. 

Thee resulting plasmid (pEV020) retained the ability to suppress the kicl mutant. 

Phenotypicc screens. Calcofluor white sensitivity was analyzed as described previously (Ram 

etet al, 1998). Precultures were concentrated or diluted to OD530 10. Subsequently, ten-fold 

dilutionn series were made of which 4 ul of each dilution was spotted onto YPD or SD plates 

containingg 0, 10, and 50 ng/ml Calcofluor white. Plates were incubated for 3 days at 28°C. 

Kll  killer toxin sensitivity was measured using the halo assay (Brown et al, 1994), 

withh some modifications. Precultures were concentrated or diluted to OD530 10, and 45 \x\ 

cellss were seeded in 13 ml of killer agar medium. On the surface, 5 ul of a dilution series of 

10°,, 5 * 10"', 10"1, 5 x 10"2, and 10"2 of isolated killer toxin was spotted. Killer toxin was 

isolatedd according to Brown et al, (1994). In short, the medium of the Kl killer toxin-

producingg strain was concentrated a 1000-fold by ultrafiltration using a 10-kDa Amicon 

filter,, and was used as such in the halo assay. In all experiments, samples and controls were 

treatedd with toxin from the same isolation. Plates were incubated for 4 - 6 days at 20°C. The 

diameterss of the halos were measured for each toxin dilution. Relative apparent sensitivities 

weree calculated according to Reneke et al, (1988). In short, the diameter of the growth 

inhibitionn zone is proportional to the logarithm of the Kl killer toxin dose applied in the 

centerr of the zone. Plotting these parameters against each other allows estimation of the dose 

requiredd to produce an inhibition zone of a given diameter. The ratio of this dose estimated 

forr wild type cells divided by the dose found for mutant cells is termed the 'relative apparent 

sensitivity'. . 
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Zymolyasee sensitivities were measured essentially as described by De Nobel et al., 

(1990).. Yeast strains were grown to equivalent optical densities, and 1 OD530 unit was taken 

forr analysis. Cells were washed once and resuspended in 900 jxl 10 mM Tris/HCl, pH 7.5. 

Thee OD530 was followed for 1 hour after the addition of 100 ul Zymolyase 20T (10 mg/ml in 

100 mM Tris/HCl, pH7.5; Zymolyase 20T was from Kirin Brewery, Japan). 

Isolationn of cell walls. Cell walls from cells grown to early logarithmic phase were isolated 

accordingaccording to Van Rinsum and co-workers (1991). Walls were extracted twice in 50 mM 

Tris/HCl,, pH 7.4, 150 mM NaCl, 5 mM EDTA, 2% [w/v] SDS, 0.3% [v/v] B-

mercaptoethanoll  for 5 min at 100°C. Walls were extensively washed in distilled water, and 

subsequentlyy freeze dried. 

Determinationn of l,6-/?-glucan levels. The levels of 1,6-/?-glucan in die alkali-insoluble cell 

walll  fraction were basically determined in accordance to Brown and co-workers (1994). 

Essentially,, cells were grown for 24 h at 28°C to stationary phase, harvested, and washed 

twicee in distilled water. Samples were split up into four aliquots, and three fractions were 

eachh three times extracted in 3% [w/v] NaOH at 75°C for 1 h. The remaining fraction was 

freeze-driedd and used for the determination of the cell dry weight. The alkali-insoluble 

materiall  was washed in 100 mM Tris/HCl, pH 7.5, twice, and subsequently washed in 

distilledd water. The pellet was resuspended in 10 mM Tris/HCl, pH 7.5, 10% [v/v] glycerol, 1 

mg/mlmg/ml Zymolyase 100T (Kirin Brewery, Japan), and incubated at 37°C overnight. Following 

incubation,, samples were centrifuged at 14,000 g for 5 min, and the supernatant was dialyzed 

againstt distilled water using a Spectra/POR® 3 (6,000-8,000 MWCO) dialysis membrane. 

Thee glucose content of the residue - l,6-/?-glucan and chitin - was determined by the phenol-

sulfuricc acid method (Dubois et al, 1956). In later experiments, the procedure was as 

follows.. Cells were grown for 24 h in YPD to early stationary phase, washed twice in 30 mM 

Tris-HCl,, 1 mM EDTA, pH 7.4, and collected in five aliquots. Two were freeze-dried in 

orderr to quantify the cell dry weight, whereas the three other samples were resuspended in 

6000 ul 50 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, pH 7.4, and broken with glass beads. 

Wallss were collected and extracted twice in 50 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 

2%% SDS, 40 mM p-mercaptoethanol, pH 7.4, at 100°C for 5 min. Walls were extensively 

washedd in distilled water, and suspended in 10 mM Tris-HCl, pH 7.5, with 1 mg/ml (w/v) 

Zymolyasee 100T (Kiri n Brewery Co., Ltd.) and incubated at 37°C for 16 h. Following 

incubation,, solutions were centrifuged for 5 min at 15 000 g and the supernatant was dialyzed 

againstt distilled water using a Spectra/POR® 3 (3,500 MWCO) dialysis membrane. The 

residuee was hydrolyzed in 2 M trifluoroacetic acid at 100°C for 4 h, freeze-dried, and 

subsequentlyy glucose levels were determined using the D-glucose oxidase assay. 
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Northernn analysis. RNA was isolated from early log phase cells with hot acidic phenol 

(Currentt Protocols in Molecular Biology ; Greene Publishing Associates, Inc. and John Wiley 

&&  Sons, Inc., 1998). Fifteen u£ RNA was loaded on a 1% agarose gel containing 2.4% 

formaldehyde.. Following electrophoresis, the RNA was blotted onto Hybond-N+ 

(Amersham)) through capillary paper transfer and UV-crosslinked to the membrane. 
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RESULTS S 

CWH30CWH30 is allelic to KIC1 

Thee cwh30-l mutant was isolated in a general screen for cell wall mutants (Ram et al., 1994), 

basedd on their hypersensitivity to the cell wall perturbing agent Calcofluor white. The gene 

mutatedd in cwh30-l was identified by functional complementation of the hypersensitivity to 

Calcofluorr white, using a YCp50-based genomic library. Out of 40,000 transformants, only 

155 were able to grow in the presence of 50 u.g/ml Calcofluor white. The plasmids from these 

transformantss were recovered, and upon retransformation only five were able to complement 

thee Calcofluor white hypersensitivity of the cwh30-l mutant. All five complementing 

plasmidss contained the same genomic insert (data not shown). The complementing activity of 

thiss insert resided in a 4.4 kb fragment that remained after HindUl truncation of the fragment, 

butt was lost after further truncation to 4.2 kb with Xba\. The 4.4 kb fragment contained the 

YHR102wYHR102w open reading frame, which previously has been named KIC1 for kinase interacting 

withh Cdc31 (Sullivan et al, 1998). T h e c al truncation removed part of the 5' upstream 

regionn of the KIC1 gene, which seemed essential for complementation of the mutant. 

Additionall  evidence that CWH30 was allelic to KIC1 came from the resulting diploid of the 

cwh30-lcwh30-l mutant and the kicl disruption strain JV143. The JV143 strain has been disrupted 

forr kicl but is supported by a plasmid-borne PGALI'KICI fusion. When the diploid was 

culturedd on glucose-containing medium, the Calcofluor white hypersensitivity caused by the 

recessivee cwh30-l mutation was not complemented (not shown), indicating that CWH30 is 

allelicc to KICL 

Calcofluorr white YEPD 
(500 jug ml-1) 

www type i M T m â  i i j ¥ mm 

kidkid A 

rr  T 11 i a 

Figuree 1. Both kicl A and PGAU:K1C1 strains are Calcofluor white hypersensitive. 

Tenfoldd serial dilutions of precultures of wild type (FY834), kicl A (JV80), and PGAU:KIC1 (JV144) were 

spottedd onto YEPD and YEPD containing 50 ug/ml Calcofluor white. Cells were grown for 2 days at 28'C. 

JV800 grows faster than the original kicl A strain, probably because it has acquired a second-site suppressor 

mutation. . 
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Disruptionn of KICI 

Inn order to generate a KICI knock-out mutant, the KICI gene was replaced by the TRP1 

markerr in the diploid AR835 wild type strain, and by the HIS3 marker in the diploid 

HAB251-15BB wild type strain. For both heterozygous diploids (JV68 and JV67) tetrad 

analysiss resulted in two wild type colonies and two very poorly growing mutant colonies 

(dataa not shown). The poor growth of the kiclA strain could not be suppressed by osmotic 

supportt of the medium (data not shown). In addition our results show that mutant spores 

failedd to germinate on medium with galactose as the sole carbon source (data not shown). 

Microscopicc analysis showed that kiclA cells were enlarged and round, forming large clumps 

indicatingg a cell separation defect which is in accordance with previously described 

phenotypess of kicl mutants (data riot shown). In addition, the cells were very sensitive to 

pipettingg and centrifugation. Fig. 1 shows that the kicl A mutant displayed Calcofluor white 

hypersensitivity.. This was similar to that of the cwh30-l mutant (Ram et al, 1994; data not 

shown).. The morphological defects, the hypersensitivity to Calcofluor white, and the fragility 

off  the cells are all in agreement with a role in cell wall integrity for KICI. 

Constructionn of PGALI-'KICI 

Thee kicl A cells were not only very fragile, but they also had low transformation efficiencies, 

andd even heterozygous diploids sporulated very poorly. In addition, kicl A cells occasionally 

developedd second-site suppressor mutations. To circumvent the technical problems of 

workingg with a kicl A strain, a repressible KICI allele was constructed by placing it under the 

controll  of the GAL1 promoter in the pYEUra3 plasmid. The activity of the PGALI'KIC1 

constructt was confirmed by its ability to complement the kicl A growth defect (data not 

shown).. This plasmid was transformed into a diploid heterozygous for kicl, and this strain 

wass sporulated. When germinated on YPGal medium, spores lacking the endogenous KICI 

genee grew indistinguishably from spores with the endogenous KICI gene (data not shown). 

However,, when germinated on YEPD medium, the spores lacking the endogenous KICI gene 

hadd a noticeable growth defect, albeit not as severe as a kicl A strain without the PGALI'KICI 

plasmidd (data not shown). This suggests that under glucose repression conditions there still is 

somee expression of the KICI gene. Under these conditions however, cells still display 

Calcofluorr white hypersensitivity and other defects in cell wall integrity (Fig. 1, 2, and 4). 

Thee kicl A mutant carrying the PGALI'KICI plasmid will be referred to as the PCAu:KICl 

mutant.. Interestingly, when grown on nonselective media (e.g. YEPD), the kicl A strain was 

nott cured from the PGAU'-KICI plasmid. In addition, no viable colonies were found when 

PGALI'KICIPGALI'KICI cells were put on media containing 5'-FOA (data not shown). 
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Figuree 2. K1C1 gene dosage affects cell wall composition. 

(a)) Cells from wild type (squares), kicJA (diamonds), PGALI:K1C1 (circles), and wild type with 2u KJC1 

(triangles)) were precultured, washed and incubated in the presence of Zymolyase 20T. (b) Isolated cell walls of 

wildd type (squares), kiclA (diamonds), PGAU:KIC1 (circles), and wild type with 2u KJC1 (triangles) were 

incubatedd in the presence of Zymolyase 20T. The decrease in ODssonm was followed in time and is expressed in 
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percentagee of the starting ODsaonn,. (c) KIC1 and PBS2 have opposing effects on Zymolyase sensitivity. Wild 

typee (squares), PGALI'KICI (diamonds), pbs2A (circles), and PGALI-KICI pbs2A (triangles) cells were 

precultured,, washed and incubated in the presence of Zymolyase 20T. The decrease in OD530nm was followed in 

timee and is expressed in percentage of the starting ODïsonm. (d) mRNA levels of cell wall protein encoding 

geness SED1, CWP2, and CWPl in wild type and the PGAL!:KIC1 mutant. Actin mRNA levels are shown as 

loadingg reference. 

PPGAL1GAL1:KIC1:KIC1  mutant ceils are resistant to Zymolyase 
Zymolyasee is a commercial enzyme preparation with both l,3-/?-glucanase and protease 

activities,, which can be used to assay differences in cell wall structure and composition (De 

Nobell  et al, 1990; Ram et al, 1994; De Groot et al, 2001). Wild type cells were sensitive to 

treatmentt with Zymolyase 20T, whereas Kiel-deficient cells were resistant (Fig. 2a). 

Conversely,, KIC1 expressed from a high-copy plasmid resulted in hypersensitivity to 

Zymolyasee (Fig. 2a). The major substrate for Zymolyase, i.e. l,3-/ï-glucan, forms the inner 

layerr of the cell wall. The outer layer consists of mannoproteins, which in intact cells limits 

thee permeability to macromolecules (Zlotnik et al, 1984; De Nobel et al, 1990). It is 

conceivablee that (at least part) of the Zymolyase sensitivity of intact cells can be attributed to 

changess in the protein outer layer and thus in cell wall permeability. One way to investigate 

thiss is to compare the Zymolyase sensitivity of intact cells and isolated walls, in which the 

innerr layer is now exposed to Zymolyase. The increase in Zymolyase resistance of cell walls 

fromm the PGALI:KIC1 mutant was much less dramatic compared to intact cells (Fig. 2b), but 

wass still significant. Cell walls derived from a strain with high copy numbers of KIC1 now 

weree more resistant to Zymolyase than wild type (Fig. 2b). Taken together, these data suggest 

thatt KIC1 affects cell wall permeability. This might be caused by altered mannoprotein levels 

(seee below) and possibly to some extent altered glucan levels. 

Expressionn of some cell wall proteins is altered in the kicl mutant 

Thee mRNA expression levels of some known cell wall proteins in the PGAII-'KICI mutant 

showedd increased levels of both SED1 and CWP2 in comparison to wild type levels (Fig. 2d). 

CWPlCWPl mRNA levels, however, remained unaffected (Fig. 2d). Interestingly, both sedlA and 

cwplAcwplA mutants are more sensitive to Zymolyase than wild type (Van der Vaart et al, 1995; 

Shimoii  et al, 1998). Overexpression of SED1 resulted in Zymolyase resistance (Shimoi et 

al,al, 1998). This strongly suggests that at least part of the Zymolyase resistance of the 

PPGAUGAU:K1CI:K1CI mutant is caused by increased levels ofSEDl and CWP2. 

Thee PcALiiKICl is more resistant to K l killer  toxin 
Kll  killer toxin has been a powerful tool for identifying genes involved in l,6-/?-glucan 

synthesis.. Lower sensitivity to this toxin is generally associated with decreased levels of 1,6-

/?-glucann in the cell wall, which is a receptor for the toxin (Boone et al, 1990; Brown et al, 
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1993).. KI killer toxin sensitivities were compared using the halo assay. Fig. 3(a) shows the 

haloo assays of some strains tested, to exemplify the difference in sensitivity. The Kl killer 

toxinn sensitivity of various strains compared to their corresponding wild type, is depicted 

graphicallyy in Fig. 3(b). Note that the overexpression studies were performed on 

supplementedd SD-based media, as opposed to the other strains which were tested on YEPD 

media.. The halo assays performed on SD-based media commonly showed larger halos than 

onn YEPD media, but the sensitivities compared to wild type remained consistent. 

Thee sensitivity of the kiclA mutant (JV83) to the Kl killer toxin was very low (not 

shown).. The PGAL/'KJCI mutant (JV142)retained a low sensitivity to the toxin, although not 

too the same extent as the deletion mutant. Conversely, overexpression of KIC1 in wild type 

(JV399 with plasmid p62) resulted in an increased sensitivity to the Kl killer toxin (Fig. 3a). 

Thee KIC1 gene dosage effect on Kl killer toxin sensitivity might reflect altered 1,6-/?-glucan 

levels. . 

KIC1KIC1 affects cell wall l,6-/?-glucan levels 

Inn order to determine if the changes in Kl killer toxin sensitivity can be attributed to changes 

inn l,6-/?-glucan levels, the alkali-insoluble cell wall fraction were analyzed. As expected, the 

kiclAkiclA strain showed a marked decrease in l,6-/?-glucan levels (Table 3). Consistently, 

overexpressionn of KIC1 resulted in a slight increase in l,6-/?-glucan levels (Table 3). These 

dataa are in agreement with the data from the Kl killer toxin assay. The gene dosage effect of 

KIC1KIC1 on 1,6-/?-glucan levels suggests a role for KIC1 in 1,6-/7-glucan deposition. 

Thee PGALÏ-KICI mutant displays synthetic growth defects with kre mutants 

Thee proposed role of KIC1 in 1,6-/7-glucan deposition in the cell wall is further supported by 

thee strong genetic interaction occurring between a PGALI'KICI mutant and kre mutants, which 

havee lowered 1,6-/?-glucan levels in the cell wall. The PGALI:KIC1 mutant was crossed with 

kre6A,kre6A, kre9A, and kre J A mutants, and the resulting diploids were sporulated. Double mutants 

weree selected on galactose-containing media, and the growth phenotypes were analyzed on 

glucose-containingg media. KIC1 showed a strongly enhanced growth defect with both KRE6 

andd KRE9. Interestingly, when the PGALI'KICI mutant was crossed with krelA, enhancement 

off  the growth defect was minor (Fig. 4). In contrast, KIC1 did not show an enhanced growth 

defectt with FKS1, a mutant impaired in 1,3-/?-glucan synthesis (Fig. 4). This suggests that the 

growthh defects of Kiel-deficient cells are to a large extent related to the biogenesis of 1,6-/?-

glucan,, and offers further support for the notion that K1C1 is involved in the regulation of 

l,6-/?-glucann biogenesis. 

56 6 



KIClKICl  affects 1,6-fS-glucan synthesis 
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Figuree 3. KICl expression levels affect Kl killer toxin sensitivity. 

Relativee apparent sensitivity to the Kl killer toxin was determined as described in Materials and Methods, (a) 

Somee examples of the halo plate assay. Tenfold dilution series of isolated Kl killer toxin was spotted onto 

seededd plates. After 4 days at 20°C, halo diameters were measured and relative apparent sensitivities were 

calculated,, (b) Relative apparent sensitivities of several strains. Strains displayed in the upper panel were grown 
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onn SD-based medium with selective amino acid mix. Strains displayed in the lower panel were grown in YEPD-

basedd medium. 

Multicop yy suppressor  screen of the Calcofluor  white sensitivity of PGALI'KICI  mutant 

Inn order to further elucidate the regulatory function of KIC1 in cell wall biosynthesis, we 

introducedd a high-copy pMA3a-based genomic library into the PGALI:KIC1 mutant strain 

JV141.. Thirty-five hundred transformants were replica-plated on selective SD medium 

containingg 100 jig/ml Calcofluor white. Plasmids isolated from the surviving colonies were 

retransformedd into JV141 and the original cwh30-I point mutant to ensure plasmid-dependent 

suppressionn of the Calcofluor white phenotype. Serial dilutions of cells were spotted onto 

selectivee SD containing 50 p.g/ml Calcofluor white. Partial sequence analysis of the inserts of 

thee seven strongest suppressors, revealed five separate genomic regions (Table 4). Several 

cloness were subjected to subcloning and deletion experiments, identifying the genes 

responsiblee for the (partial) suppression of the Calcofluor white hypersensitivity of the 

PGALI'KICIPGALI'KICI mutant (Fig. 5a). These consisted of (1) STB3, a gene encoding a 2-hybrid 

interactorr with the Sin3p protein (Kasten and Stillman, 1997), (2) MSG5, encoding a dual-

specificityy protein phosphatase involved in the pheromone adaptation response (Doi et ai, 

1994;; Zhan et ai, 1997) and, in addition, capable of influencing the phosphorylation state of 

Slt2pp (Watanabe et ai, 1995; Martin et ai, 2000), and (3) RH03. RH03 encodes a small G-

protein,, which is known to be involved in bud formation and growth, organization of the 

actinn cytoskeleton and exocytosis (Matsui and Toh-e, 1992b; Imai et ai, 1996; Robinson et 

ai,ai, 1999; Adamo et ai, 1999). JV141 cells were transformed with either of the before 

mentionedd plasmids, and grown on selective medium containing 5'-FOA to determine if the 

presencee of these multicopy suppressor plasmids allowed the loss of the PGALI'KICI plasmid. 

Noo viable colonies could be found, indicating that none of these plasmids could restore (all 

of)) the essential function(s) of KIC1 (data not shown). RHÖ3 was chosen for further analysis. 

Tablee 3. KIC1 gene dosage affects 1,6-/?-glucan levels 

Strain n 

wildd type 

kicld kicld 

wildd type" 

kiclA^ kiclA^ 

wildd type + 2\iKlCl* 

Alkali-insolublee 1,6-/?-glucan (%)* * 

100 0 

722 7 

100 0 

8 8 

1122  1 

**  Measured as ug alkali-insoluble glucan per mg dry weight cell wall, and expressed as percentages relative to 

wildd type as described in materials and methods. Values represent mean  SEM (n=3). 
## These strains were grown on SD medium 
ff Strain with improved growth rate, probably resulting from a second-site suppressor mutation 
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Thee rho3 deletant is impaired in cell wall biogenesis 
RH03RH03 was disrupted, and the cells were tested for their sensitivity to Calcofluor white. 

Althoughh not to the same extent as Kiel-deficient cells, rho3A cells showed increased 

sensitivityy to Calcofluor white, indicating a defect in cell wall biogenesis (Fig. 5b). In the 

absencee of RH03, the functionally related RH04 can suppress the growth defect when 

overexpressedd (Matsui and Toh-e, 1992a), whereas the rho3 rho4 double mutant is inviable. 

Thee double mutant also proved inviable in our genetic background (data not shown). Cells 

disruptedd for RH04 did not show an increased sensitivity to Calcofluor white (Fig. 5b). In 

addition,, overexpression of RH04 did not restore the Calcofluor white hypersensitivity of the 

PGALI'KICPGALI'KIC mutant (data not shown). This suggests that the function that is suppressed by 

overexpressionn OÏRHÖ3 in the PGALI'KIC I mutant, is not shared by RH04. 

Overexpressionn of the RH03 gene in the PGALI'KICI mutant showed an increase in 

sensitivityy to the Kl killer toxin, in contrast to overexpression of the RH04 gene (Fig. 6a). 

Deletionn of RH03 resulted in a decrease in Kl killer toxin sensitivity (Fig. 6b), and a 

decreasee of about 40% in cell wall 1,6-/?-glucan (3.3% of cell dry weight in wild-type cells 

comparedd to 1.9). In contrast, deletion of RHÖ4 had no effect on Kl killer toxin sensitivity 

(Fig.. 6b). Overexpression of the RHÖ3 gene in wild type also resulted in an increase in Kl 

killerr toxin sensitivity (Fig. 6c). However, when RH04 was overexpressed in wild type, cells 

displayedd a decrease in killer sensitivity (Fig. 6c). A possible explanation for this is that high 

levelss of Rho4 might compete with Rho3. Taken together, the observations suggest that the 

levelss of RHÖ3 influence the level of cell wall l,6-/?-glucan and thus the sensitivity of the 

cellss to the Kl killer toxin. This further implicates KICI in 1,6-/?-glucan biogenesis, evidently 

forr a part through RH03. 

Tablee 4. High copy suppressors of KICI 

Clonee number 

2 2 

11/13* * 

23/44* * 

24 4 

43 3 

Chromosomee . 

9 9 

14 4 

4 4 

11 1 

2 2 

Coordinates s 

135225-144766 6 

523677-531475 5 

791592-798528 8 

487450-497450t t 

243957-253522 2 

Completee ORFs 

YIL120w,, RPI1, RH03, YIL117c, HIS5, NUP159 

VAC7,MSG5 VAC7,MSG5 

STB3 STB3 

GCN3,GCN3, YKR027w, SAP 190 

YBR004c,, YBR005w, UGA2, YBR007c 
—— —' - _ -— 

Boldfacee type is used in cases where the ORF responsible for the suppression has been determined by 
subcloning. . 

*Twoo clones with identical inserts were identified. 
tThiss clone was only sequenced from the left flank. The right flank was estimated based on average insert size 

andd restriction analysis. 

KICIKICI  antagonizes the PBS2-HOG1 pathway in cell wall biogenesis 

Celll  wall phenotypes caused by overexpression of the MAP kinase kinase PBS2 from the 

HOGG pathway show a remarkable resemblance with some of the phenotypes shown by 
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PGALI'KICIPGALI'KICI mutant cells. Similar to cells that overexpress PBS2 (Jiang et ah, 1995; Lai et ah, 

1997),, PGALI'KICI mutant cells were less sensitive to Kl killer toxin, and showed a modest 

decreasee in 1,6-yS-glucan levels (Fig. 3b; Table 4). The reverse phenotypes were found in the 

pbs2Apbs2A mutant and cells overexpressing KIC1, i.e., hypersensitivity to the Kl killer toxin 

(Jiangg et ah, 1995; Lai et ah, 1997; Fig. 3b) and an increase in 1,6-/?-glucan levels (Jiang et 

ah,ah, 1995; Table 3). A PGALI'KICI pbs2A double mutant was generated, and this strain 

displayedd an intermediate sensitivity to Kl killer toxin (Fig. 3b). KIC1 deficiency and 

deletionn of PBS2 also reversely affected the sensitivity of the cells to cell wall degrading 

enzymess (Fig. 2c), whereas the double mutant displayed an intermediate phenotype. In 

summary,, our observations in combination with data from the literature indicate that K1C1 

andd PBS2 have opposing roles in cell wall biogenesis. 

 #

Figuree 4. K1C1 displays synthetic growth phenotypes with several kre mutants. 

Thee PGAU:K1C1 mutant strain was crossed with kre6A , kre9A, krelA, andjkslA. Tetrads were dissected on 

YPGal,, and the double and single mutants were tested for growth on YEPD in tenfold serial dilutions. 
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DISCUSSION N 

Thee KICl gene was originally identified in a two-hybrid screen interacting with 

CDC31,CDC31, which encodes yeast centrin. KIC1, member of the PAK1/Ste20 kinase family, 

encodess a 116 kDa protein which interacts in vivo with CDC31 and has in vitro kinase 

activityy dependent on CDC3L However, it was shown that KICl did not play a role in the 

SPBB duplication function of CDC31, KICl rather contributes to its function in cell integrity 

andd morphogenesis, since several kicl mutants showed aberrant cell wall morphology, wide 

budd necks, failure in cell separation, and cell lysis (Sullivan et al, 1998). Previously, cells 

deletedd for KICl were found to be inviable (Sullivan et al, 1998). However, differences in 

geneticc backgrounds might explain the (albeit very poor) viability of the kicl A strain in our 

backgrounds. . 

Thee cwh30/kicl mutant was originally discovered because it was hypersensitive to the 

celll  wall perturbing agent Calcofluor White (Ram et al., 1994). Interestingly, mutant cells 

weree also resistant to the Kl killer toxin, indicating that its walls contained less l,6-/7-glucan. 

Ass KIC1 encodes a protein kinase, this marked it as a potential regulator of 1,6-/?-glucan 

biogenesis.. The following evidence supports this. KICl -deficiency resulted in decreased 

sensitivityy to the Kl killer toxin, and lower levels of 1,6-/?-glucan in its walls. Conversely, 

overexpressionn of KICl resulted in increased sensitivity to Kl killer toxin and elevated levels 

off  l,6-/?-glucan. In addition, the PGAU:KIC1 mutant crossed with various kre mutants resulted 

inn double mutants with a synthetic growth defect, whereas a combination of the PGAU:KIC1 

mutantt with the l,3-/?-glucan impaired mutant fkslA did not result in a synthetic growth 

defect.. Taken together, these results imply a role for KICl in the regulation of 1,6-/?-glucan 

biogenesis.. Finally, the expression levels of RH03 correlated with the sensitivity to Kl killer 

toxinn and thus probably with 1,6-/?-glucan levels. In addition, the mutant phenotypes of Kiel -

deficientt cells were partially suppressed by overexpression of RH03. This is consistent with 

thee postulated role for KICl in regulating 1,6-/?-glucan biogenesis. 

Besidess the defects in 1,6-/?-glucan deposition, the Kicl-deficient cells also displayed 

resistancee to the cell wall-degrading enzyme mixture Zymolyase, whereas overexpression of 

KIClKICl  resulted in hypersensitivity to Zymolyase. This effect may partly be caused by changes 

inn the cell wall mannoprotein composition, since the external layer of mannoproteins in the 

celll  wall determines the porosity and needs to be removed for efficient cell wall degradation 

(Zlotnikk et al, 1984; De Nobel et al, 1990). There are two lines of evidence that confirm this 

notion.. First, when cell walls were isolated prior to Zymolyase treatment, walls from Kicl -

deficientt cells showed a much less pronounced resistance to Zymolyase compared to wild 

typee cell wall. Second, two known cell wall protein encoding genes, SED1 and CWP2, were 

foundd to be upregulated in the PGAU:KIC1 mutant. Interestingly, overexpression of SED1 

leadss to Zymolyase resistance (Shimoi et al, 1998), and, reversely, deletion of both SED1 
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andd CWP2 results in increased sensitivity to Zymolyase (Van der Vaart et al, 1995; Shimoi 

etet al, 1998). Increased expression of these genes in the Kiel-deficient mutants might thus at 

leastt in part explain the resistance to Zymolyase. By which mechanism the expression of 

thesee cell wall proteins is induced is unknown. It might reflect the induction of a cell wall 

repairr mechanism as the result of the decrease in 1,6-yS-glucan. (Popoio et ah, 1999; Kapteyn 

etet al, 1999; Kli s et al, 2002), but this normally includes induction of CWP1 expression 

(Terashimaa et al, 2000; Kapteyn et al, 2001). However, CWP1 expression was not induced 

inn the PGAL,:KIC1 mutant. Alternatively, Kiel might have a regulatory role in multiple cell 

walll  biosynthetic steps and not only in 1,6-^-glucan biogenesis. 

(a) (a) 

wildd type + 2M 

PPGALtGALt:KIC1:KIC1 + 2M 

PPGAUGAU:KIC1:KIC1 + 2|J RH03 

PPGAL1GAL1:KIC1:KIC1 + 2M MSG5 

PPGAL1GAL1:KIC1:KIC1 + pMA3a 

PPrr.,,:KIC1.,,:KIC1 + STB3 

Calcofluorr white 
(500 |̂ g ml-1) 

YEPD D 

 #  # 
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Figuree 5. Multicopy suppressors of the Calcofluor white hypersensitivity of the PGAL1:KIC1 mutant, 

(a)) Tenfold serial dilutions of wild type (FY69) + YEplacl81, PGALI:K1C1 (JV141) + YEplacl81, PGAL1:KIC1 

(JV141)) + 2p. RH03 (pEV021), PGAL,:KIC1 (JV141) + 2M MSG5 (pEV017), PGAL,:KIC1 (JV141) + pMA3a, and 

PGALI-KICIPGALI-KICI (JV141) + pMA3a-SrS5 (pEV020) were spotted onto selective SD media with or without 50 ug/ml 

Calcofluorr white, (b) Tenfold dilution series of wild type (FY834), rho3A (EV116), rho4A (EV077), kid A + 
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PGALI-KICIPGALI-KICI (JV144), and kiel A (JV80) were spotted onto YPD with or without 50 ug/ml Calcofluor white. 

Cellss were grown for 2-3 days at 30°C. 

Thee identification of RH03 as a multicopy suppressor of the PGALI'KICI mutant 

suggestss that RH03 might be a downstream target of KIC1 in cell wall biogenesis. This is 

supportedd by the RH03 gene dosage relationship with Kl killer toxin sensitivity, and the 

reductionn of 1,6-/7-levels in the rho3A mutant. Whereas RH04 contributes to some of the 

knownn functions of RH03 (Matsui and Toh-e, 1992; Imai et al, 1996), the effects on cell 

walll  biogenesis are not shared by RH04. 

Evidencee is accumulating that suggests a role for the PBS2-HOG1 pathway in cell 

walll  construction. Overexpression of PBS2 causes resistance to laminarinase, a cell wall 

degradingg enzyme mixture (Lai et al, 1997), and deletion results in hypersensitivity (Fig. 2b; 

Alonso-Mongee et al, 2001). In addition, PBS2 overexpression results in resistance to the Kl 

killerr toxin and a decrease in cell wall 1,6-/?-glucan levels (Jiang et al, 1995). Also, under 

noninducingg conditions the HOG pathway contributes to the maintenance of cell wall 

architecturee (Garcia-Rodriquez et al, 2000). Furthermore, overexpression of some cell wall 

relatedd genes suppress the hyperosmosensitive phenotype of a stel Issk2ssk22 mutant. These 

includee LRE1 and HLR1, which can also suppress the osmosensitivity and the glucanase 

sensitivityy of both pbs2A and hoglA mutants (Alonso-Monge et al, 2001). Our report further 

supportss a role for PBS2 in cell wall biogenesis. The PGALI:KIC1 mutant and the pbs2A single 

mutantt cells had reverse phenotypes in both Kl killer toxin and Zymolyase sensitivities. In 

thee PGALI:K1C1I pbs2A double mutant an intermediate phenotype was observed (Fig. 3b). 

Thesee results suggest that K1C1 and PBS2 play opposing roles in cell wall biogenesis. The 

mechanismm by which KIC1 and PBS2 counteract each other remains obscure. In summary, 

thee protein kinase Kiel is involved in regulating cell wall construction in multiple ways and 

seemss to have a specific role in controlling 1,6-/?-glucan levels. 

63 3 



ChapterChapter 2 

(a) ) 

(b) ) 

PPGAL1GAL1:KIC1:KIC1 + 2M 

PPGAL1GAL1:KIC1:KIC1 + 2M RH03 

PPGAL1GAL1:KIC1:KIC1 + 2M RH04 

wildd type 

rho3& rho3& 

rho4& rho4& 

(c) ) 

10 0 
— ii 1 1 

155 20 25 

PQ^, : /C /C1 1 

( ( 

wildd type + 2M 

wildd type + 2M RH03 

wildd type + 2p RH04 

ii i i 
)) 25 50 75 

ii i 
1000 125 

II I I I I 

00 50 100 150 200 

relativee apparent sensitivity (%) 

Figuree 6. RH03 gene dosage affects K.1 killer toxin sensitivity. 

Relativee apparent sensitivity to the Kl killer toxin was determined as described in Materials and Methods, (a) 

kidkid A + PGAU:KICI  (JV144) + YEplacl81, kid A + PGAL,:K1C1 (JV144) + 2u RH03, and kid A + PGAU:KIC1 

(JV144)) + RH04 are compared, (b) Wild type (FY834), rhoSA (EV116), rho4A (EV077), and kid A + 

PPGALIGALI:KIC1:KIC1 (JV144) were compared, (c) Wild type (FY834) + YEplac 181, wild type (FY834) + 2p RH03, and 

wildd type (FY834) + 2p RH04 were compared. 
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