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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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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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