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Protein O mannosylation is a crucial protein modification in uni- and multicellular eukaryotes. In humans,
a lack of O-mannosyl glycans causes congenital muscular dystrophies that are associated with brain abnor-
malities. In yeast, protein O mannosylation is vital; however, it is not known why impaired O mannosylation
results in cell death. To address this question, we analyzed the conditionally lethal Saccharomyces cerevisiae
protein O-mannosyltransferase pmt2 pmt4A mutant. We found that pmt2 pmt4A cells lyse as small-budded cells
in the absence of osmotic stabilization and that treatment with mating pheromone causes pheromone-induced
cell death. These phenotypes are partially suppressed by overexpression of upstream elements of the protein
kinase C (PKC1) cell integrity pathway, suggesting that the PKC1 pathway is defective in pmt2 pmt4A mutants.
Congruently, induction of Mpk1p/SIt2p tyrosine phosphorylation does not occur in pm¢2 pmt4A mutants during
exposure to mating pheromone or elevated temperature. Detailed analyses of the plasma membrane sensors of
the PKC1 pathway revealed that Wsclp, Wsc2p, and Mid2p are aberrantly processed in pmt mutants. Our data
suggest that in yeast, O mannosylation increases the activity of Wsclp, Wsc2p, and Mid2p by enhancing their
stability. Reduced O mannosylation leads to incorrect proteolytic processing of these proteins, which in turn
results in impaired activation of the PKC1 pathway and finally causes cell death in the absence of osmotic

stabilization.

Protein O mannosylation is initiated at the endoplasmic
reticulum (ER) by the transfer of mannose from dolichyl phos-
phate-activated mannose to serine or threonine residues of
secretory proteins (52). This reaction is catalyzed by an essen-
tial family of protein O-mannosyltransferases (PMTs) that is
evolutionarily conserved from yeast to humans (28, 52, 57).
The PMT family is divided into the PMT1, PMT2, and PMT4
subfamilies, whose members include transferases closely re-
lated to Saccharomyces cerevisiae Pmtlp, Pmt2p, and Pmt4p,
respectively (17, 57). In S. cerevisiae the entire PMT family is
highly redundant (Pmt1 to Pmt7p), and members of the PMT1
and PMT2 subfamilies show marked similarities and distinc-
tions from PMT4 subfamily members. For example, members
of the PMT1 subfamily (Pmtlp and Pmt5p) interact in pairs
with members of the PMT2 subfamily (Pmt2p and Pmt3p),
whereas the unique representative of the PMT4 subfamily
forms homomeric complexes (16). Further, the PMT1/PMT2
and PMT4 subfamilies use different acceptor protein sub-
strates in vivo (10, 14).

Studies of pmt mutants revealed that protein O mannosyla-
tion plays a substantial role in uni- and multicellular eu-
karyotes. In humans, mutations in POMT1 (protein O-manno-
syltransferase 1 gene), which encodes a putative counterpart of
the yeast Pmt4p O-mannosyltransferase, result in Walker-War-
burg syndrome, which is characterized by severe congenital
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muscular dystrophy, a neuronal migration defect, and struc-
tural abnormalities of the eye (2). Mutations of the Drosophila
POMT1 orthologue rotated abdomen alter muscle structures
and the alignment of the adult cuticle (38). In S. cerevisiae, the
simultaneous knockout of particular combinations of three
PMT family members (PMTI, PMT2, and PMT4 or PMT2,
PMT3, and PMT4) is lethal (13). Other S. cerevisiae pmt mu-
tants, such as pmt2 pmt4A mutants, are nonviable in the ab-
sence of osmotic stabilization and at elevated temperatures
(13). In addition, pmz2 pmt4A cells form large clumps during
vegetative growth and show increased sensitivity to Calcofluor
white and caffeine. These phenotypes resemble those of yeast
mutants with defects in the assembly, organization, or mainte-
nance of a rigid cell wall (22, 31), leading to the conclusion that
O-linked glycans are indispensable for cell wall structure and
stability (13). However, exactly how O mannosylation contrib-
utes to cell wall integrity in yeast is unknown.

During vegetative growth, periods of environmental stress,
and pheromone-induced morphogenesis, the integrity of the
yeast cell wall is controlled by the protein kinase C (PKC1) cell
integrity pathway (22). Alterations of the cell wall of S. cerevi-
siae are sensed by plasma membrane proteins of the WSC
family (Wscl to Wscdp) (19, 55) and by Mid2p and its homo-
logue Mtllp (30, 46). For Wsclp and Mid2p, it was shown that
upon activation, they stimulate the exchange activity of the
guanine nucleotide exchange factor Rom2p and thereby acti-
vate the small GTPase Rholp (3, 8, 44), which in turn activates
the protein kinase C Pkclp (42). Pkclp turns on a mitogen-
activated protein (MAP) kinase cascade that consists of a
MAP kinase kinase kinase (Bcklp/Slklp) (6, 34), a pair of
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TABLE 1. Yeast strains

Strain Genotype Reference
SEY6210 MATo his3-A200 leu2-3-112 lys2-801 trp1-A901 ura3-52 suc2-A9 47
SEY6211 MATa his3-A200 leu2-3-112 ade2-101 trp1-A901 ura3-52 suc2-A9 47
XMAO-2L SEY6210 except pmt2A:LEU2 37
XMA1-2L SEY6211 except pmt2A:LEU2 14
XMAO-4T SEY6210 except pmt4::TRP1 24
XMA1-4T SEY6211 except pmt4::TRPI 14
pmit2 pmt4A mutant MATa his3-A200 leu2-3-112 lys2-801 trp1-A901 ura3-52 suc2-A9 pmt2A:LEU2 pmt4::TRP1 13

redundant MAP kinases (Mkk1p and Mkk2p) (25), and a MAP
kinase (Mpk1/Slt2) (33, 40). Signaling through the PKC1 MAP
kinase cascade leads to a number of cellular responses, one of
which is the transcriptional activation of a variety of genes that
have been implicated in cell wall assembly and structure (22).

The WSC family in S. cerevisiae has four members, encoded
by the WSCI/HCS77/SLGI1, WSC2, WSC3, and WSC4 genes
(19, 26, 55). These proteins are required for the viability of
yeast cells during vegetative growth under various stress con-
ditions, including heat stress and treatment with hydrogen per-
oxide, ethanol, or DNA-damaging drugs (19, 55, 59). Among
the WSC family members, Wsclp plays the major role in main-
taining cell wall integrity. wscIA mutants display a cell lysis
defect at 37°C (19, 55). Deletion of WSC2 and WSC3 does not
cause obvious cell lysis but exacerbates the defect when com-
bined with wscIA (46, 55). The cell lysis phenotype of wscA
mutants is caused by cell wall weakening due to an inability to
activate the PKCI1 pathway (55); it is suppressed by osmotic
stabilizers or by overexpression of other WSC family members
and components of the PKC1 pathway, such as PKCI (19, 55).
Deletion of WSC4 does not exaggerate the cell lysis defect of
wscIA mutants but increases their sensitivity to ethanol and
DNA-damaging drugs (59).

Mid2p is required for the growth of yeast primarily during
pheromone-induced morphogenesis (30, 43, 46). Upon treat-
ment with mating pheromone, mid2A mutants fail to activate
the PKC1 pathway at the onset of morphogenesis and conse-
quently die (30, 46). Overexpression of WSC1 partially rescues
the pheromone-induced cell death of mid2A mutants (46). In
addition, the simultaneous deletion of MID2 and WSCI results
in a severe osmotic-remedial cell lysis defect during vegetative
growth at room temperature (30, 46), indicating that WSCI
and MID?2 fulfill partially overlapping functions.

The WSC family members and Mid2p are type I transmem-
brane proteins with similar overall structures that in the case of
Wsclp and Mid2p reside in the plasma membrane (30, 36, 46,
55). These proteins have small cytoplasmic and large extracel-
lular protein domains; the latter contain numerous serine and
threonine residues. These Ser-Thr-rich regions are highly O
mannosylated and are important for Wsclp and Mid2p activity
in vivo (30, 36, 44). Mid2p is glycosylated by the mannosyl-
transferase Pmt2p, and Pmt2p-dependent O mannosylation is
required for wild-type Mid2p function (44).

To elucidate how impaired O mannosylation affects cell wall
integrity and ultimately results in cell death, we analyzed the
conditionally lethal S. cerevisiae pmt2 pmt4A mutant. We
present evidence that pmt2 pmt4A mutants fail to activate the
PKC1 cell integrity pathway during mating and in response to
external stresses, due to incomplete O mannosylation of the

plasma membrane sensors Wsclp, Wsc2p, and Mid2p. In ad-
dition, we show that a lack of O-mannosyl glycans causes un-
specific processing of those sensor proteins, suggesting that
reduced O mannosylation results in unspecific cleavage of the
PKCI1 pathway sensor proteins, which in turn results in im-
paired activation of the cell integrity pathway in response to
cell wall stress.

MATERIALS AND METHODS

Yeast strains and plasmids. The S. cerevisiae strains used in this study are
listed in Table 1. Yeast strains were grown on YPD or SC dropout medium (29)
without or supplemented with 1 M sorbitol at 30°C. Yeasts were transformed by
the method of Gietz et al. (15) with the yeast shuttle vectors pRS423 (5), pRS416
(5), YEp352 (23), pSB53 (53), YEp352-PMT2 (37), YEp352-PKC1 (56),
YEp352-HCS77-HA (46), and YEp352-MID2-HA (46) and the plasmids listed
below.

Standard procedures were used for all DNA manipulations (50). All cloning
and transformations were carried out in the Escherichia coli host SURE2 (Strat-
agene). Oligonucleotide sequences are available upon request. PCR fragments
were routinely checked by sequence analysis.

(i) Plasmid pRS416-WSC1HA (CEN WSCI1*4). A 2.1-kb Kpnl-Sall fragment
was isolated from plasmid YEp352-HCS77-HA and cloned into pRS416 (cut
with KpnI and Sall).

(ii) Plasmid pML1 (CEN WSC2"4). A 1.1-kb EcoRI-Sacl fragment (isolated
from plasmid pREP3x-adh, a gift of T. Willer) that contains three copies of the
hemagglutinin (HA) sequence and the Schizosaccharomyces pombe nmtl tran-
scriptional terminator (39) was cloned into the multiple cloning site of vector
pRS416, resulting in plasmid pRS416HA. To create an HA-tagged version of
WSC2, the WSC2 promoter and coding region (bp —703 to +1508) were ampli-
fied by PCR from plasmid pIRIS18 (55) by using oligonucleotides oligo294 and
0ligo295. The PCR fragment was digested with EcoRI and NotI and cloned into
pRS416HA cut with the same enzymes. In the resulting plasmid (pML1), nucle-
otides encoding three copies of the HA epitope were fused in frame to nucleo-
tides encoding the C terminus of WSC2.

(iii) Plasmid pRS416-MID2HA (CEN MID2"4). A 2.2-kb Kpnl-Sall fragment
was excised from plasmid YEp352-MID2-HA and cloned into pRS416 digested
with KpnI and Sall.

(iv) Plasmid pML2 (2pum PMT1). A 3.3-kb BamHI fragment was excised from
plasmid pSB53 and cloned into pRS423 digested with the same enzyme.

(v) Plasmid pRG4 (2pum MID2"7*Y). To create a protein A-tagged version of
Mid2p, the promoter and coding regions (bp —735 to +1128) were amplified by
PCR from plasmid pRS416-MID2HA by using oligonucleotides oligo471 and
oligo479. The PCR fragment was digested with PstI and BspEI and cloned into
YCplac33ZZ (a gift of J. Stolz) cut with the same enzymes. In the resulting
plasmid (pRG2), nucleotides encoding two copies of the protein A sequence
were fused in frame to nucleotides encoding the C terminus of MID2. From
plasmid pRG2, the MID2"" open reading frame was amplified by PCR with
oligonucleotides oligo501 and oligo502. The PCR fragment was digested with
Mfel and cloned into the EcoRI site of plasmid pNEV-E (a gift of J. Stolz).

Analysis of the terminal cell lysis phenotype. The yeast pmt2 pmt4A mutant
strain was grown to a density of 2 X 107 to 4 X 107 cells/ml at 30°C in YPD
medium supplemented with 1 M sorbitol (YPDS). Duplicate portions of 2 X 107
cells were harvested and incubated in 1 ml of YPD or YPDS at 30°C with
moderate shaking. Viability was measured over time by plating triplicate samples
onto YPDS and staining cells with the vital dye methylene blue in 1 M sorbitol
as described previously (49). CFU were counted after incubation for 4 days at
30°C.
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Pheromone-induced killing. MATa strains were grown at 30°C in YPDS or in
SC medium lacking uracil but supplemented with 1 M sorbitol (SCS) to a density
of 2 X 107 to 4 X 107 cells/ml. A total of 2 X 107 cells were harvested and
incubated in 1 ml of the same medium at 30°C for 30 min. Cells were then treated
with a-factor (15 pg/ml) (Bachem). Viability was measured over time as de-
scribed above.

Multicopy suppression of the osmotic stability defect. Cells were grown at
30°C in SCS without uracil to a density of 2 X 107 to 4 X 107 cells/ml. A total of
10° cells were harvested and resuspended in 100 pl of 1 M sorbitol. Serial 10-fold
dilutions were prepared in 1 M sorbitol, and 10 pl of each dilution was spotted
onto YPD and YPDS plates, which were than incubated for 3 days at 30°C.

Measurement of Mpklp phosphotyrosine content upon pheromone treatment
and temperature shift. Wild-type SEY6211 and pmt2 pmt4A mutant strains were
grown in SCS to a density of 2 X 107 to 4 X 107 cells/ml at 30°C. A total of 2 X
107 cells were harvested, incubated in 1 ml of SCS at 30°C for 30 min with
moderate shaking, and then incubated with a-factor (75 pg/ml for 3 h) or at high
temperature (37°C for 3 h). Cells were collected by centrifugation at 20,000 X g
for 1 min at 4°C, resuspended in 50 pl of 3X sodium dodecyl sulfate (SDS)
sample buffer, and incubated at 95°C for 4 min. Cell debris was pelleted by
centrifugation at 20,000 X g for 1 min. Thirty microliters of the supernatant was
resolved on SDS-10% polyacrylamide gels.

Preparation of crude membranes. Crude membranes were isolated as de-
scribed previously (17).

Immunoprecipitation. Mid2p"'# was solubilized from crude membranes in 500
pl of solubilization buffer (50 mM Tris-HCI [pH 7.5], 140 mM NaCl, 1 mM
EDTA, 2% Triton X-100, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 1
mM benzamidine, 0.25 mM TLCK [Na-p-tosyl-L-lysine chloromethyl ketone], 50
pg of TPCK [tosylsulfonyl phenylalanyl chloromethyl ketone] per ml, 10 pg of
aprotinin per ml, 1 ug of leupeptin per ml, and 1 wg of pepstatin per ml) by
vortexing for 30 min at 4°C. The suspension was clarified by centrifugation for 30
min at 48,000 X g to obtain the Triton extract. HA-tagged Mid2p was immuno-
precipitated for 1 h at 4°C from 300 pl of Triton extract by using 10 pl of anti-HA
monoclonal antibodies covalently coupled to protein A-Sepharose (16B12;
Babco). Precipitates were washed four times with 1 ml of cold solubilization
buffer and once with 1 ml of Tris-buffered saline.

Deglycosylation by Endo H digestion. Immunoprecipitates or 5 pl of crude
membranes were suspended in 25 pl of endoglycosidase H (Endo H) buffer (50
mM potassium phosphate buffer [pH 5.5] containing 0.02% SDS, 0.1 M 2-mer-
captoethanol, and protease inhibitors as described above) and digested with 1 to
5 U of Endo H (Calbiochem) per pl for 2 h at 37°C. Mock incubations were
carried out without Endo H. Reactions were stopped by adding 10 ul of 5X SDS
sample buffer.

Deglycosylation by a-mannosidase digestion. Immunoprecipitates were resus-
pended in 20 pl of mannosidase buffer (0.125 M acetic acid-NaOH [pH 5.0]
containing 0.01% bovine serum albumin, 0.1 mM ZnSO,, and protease inhibitors
as described above) and digested with 1 to 5 U of «-1,2,3,6-mannosidase (Cal-
biochem) per ul for 2 h at 37°C. Mock incubations were carried out without
a-mannosidase. Reactions were stopped by adding 10 pl of 5X SDS sample
buffer.

Western blot analysis. Proteins were fractionated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes (20).
Polyclonal anti-phospho-p44/p42 MAP kinase antibodies (Cell Signaling Tech-
nology) were used at a dilution of 1:1,000, anti-Wbp1p antibodies (54) were used
at a dilution of 1:2,000, and anti-Pfklp antibodies (a gift of J. Heinisch) were
used at a dilution of 1:50,000. The anti-HA (16B12; Babco) monoclonal anti-
bodies were used at 1:5,000 dilution. Protein-antibody complexes were visualized
by enhanced chemiluminescence with the Amersham ECL system. Different
amounts of membrane proteins and exposure times of the X-ray films were tested
to ensure detection of qualitative and quantitative differences.

Pulse-chase labeling. Cells were grown to mid-log phase in YPD medium at
24°C to an optical density at 600 nm (ODy) of about 1. Cells were collected by
centrifugation, washed with SC medium without methionine, and resuspended in
fresh medium to a density of 4 ODgq, units/ml. After 15 min of incubation at
24°C, cells were pulse-labeled with 1.5 mCi of [**S]methionine (New England
Nuclear) for 3 min. Cells were chased with excess methionine, and samples of 4
ODy units taken at various times and then incubated on ice with 0.2% sodium
azide for 5 min. Cells were washed in water and frozen on dry ice. Frozen cells
were resuspended in 0.55 ml of lysis buffer (50 mM Tris-HCI [pH 8.0], 150 mM
NaCl, 2 mM EDTA) containing protease inhibitors and lysed by vortexing with
glass beads for 5 min at 4°C. Lysates were cleared by centrifugation (3 min, 2,000
X g) and incubated with NP-40 (1%) and SDS (0.1%) for 5 min at 37°C. After
removal of insoluble material by centrifugation (1 min, 6,000 X g), lysates (0.4
ml) were mixed with 1 ml of immunoprecipitation buffer (10 mM Tris-HCI [pH
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7.4], 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.1% SDS) containing protein
A-Sepharose (Amersham) and 5 l of rabbit anti-HA antiserum (Santa Cruz
Biotechnology). After a 3-h incubation at room temperature, immunoprecipi-
tates were washed four times with immunoprecipitation buffer and once with 10
mM Tris-HCI [pH 7.4] and then resuspended in 30 pl of sample buffer. Samples
were analyzed by SDS-PAGE and autoradiography.

Protein purification and sequence analysis of Mid2p . pmt2A mutant cells
transformed with pRG4 were grown at 30°C in 5 liters of SC medium lacking
uracil to a density of 6 X 107 to 7 X 107 cells/ml. Cells were harvested, resus-
pended in 5 liters of YPD, and grown to a final density of 20 X 107 to 30 X 107
cells/ml. Cells were harvested, washed with 100 ml of water, and resuspended to
a total volume of 60 ml in 50 mM Tris-HCI (pH 7.5) containing 1 mM phenyl-
methylsulfonyl fluoride and 1 mM benzamidine. An equal volume of glass beads
was added, and cells were lysed in an MSK cell homogenizer for 5 min under
CO, cooling. Cell debris was removed by centrifugation for 5 min at 1,000 X g at
4°C. Crude membranes were collected from the supernatant by centrifugation for
30 min at 48,000 X g at 4°C (Sorvall SS34 rotor). The membrane pellet was
resuspended in solubilization buffer (20 mM KPi [pH 8.0], 150 mM KCI, 5 mM
MgCl,, and protease inhibitors) to a total volume of 90 ml. To solubilize
Mid2pPrA, Triton X-100 was added to a final concentration of 1%. Solubiliza-
tion was performed at room temperature for 20 min on an IKA Vibrax VXR
shaker. The suspension was clarified by centrifugation for 1 h at 120,000 X g at
4°C (Ti 60 rotor; Beckman). The supernatant was incubated for 1 h at 4°C with
600 pl of Sepharose CL4B (Amersham) and then overnight at 4°C with 400 pl of
immunoglobulin G (IgG)-Sepharose (IgG-Sepharose 6 Fast Flow; Amersham).
The IgG-Sepharose beads were washed three times with 500 pl of solubilization
buffer and three times with 500 pl of 5 mM ammonium acetate (pH 5.0).
Mid2pP A was eluted with 500 pl of 0.5 M acetic acid (pH 3.4). The eluate was
neutralized with 175 pl of 1 M Tris base. Eluted proteins were trichloroacetic
acid precipitated, separated on an SDS-10% polyacrylamide gel, blotted onto a
polyvinylidene difluoride membrane, and stained with Coomassie brilliant blue
R250 (Serva).

Proteins were sequenced with a Procise 492A sequencer (PE Biosystems), with
on-line detection of the phenylthiohydantoin amino acids, according to the
manufacturer’s instructions.

ProtA

RESULTS

Conditionally lethal pm¢ mutants such as pmt2 pmt4A mu-
tants are nonviable in the absence of osmotic support (13),
suggesting that O mannosylation is important for the synthesis
and/or maintenance of an intact cell wall, a vital structure in
yeast cells. To address the question of how O mannosylation
affects yeast cell wall integrity, we analyzed the S. cerevisiae
pmt2 pmt4A mutant in detail.

pmt2 pmt4A mutant cells show terminal cell lysis as small-
budded cells and mating pheromone-induced cell death. pmz2
pmt4A mutant cells are able to grow in the presence of 1 M
sorbitol at 30°C. However, in liquid culture, the growth rate is
reduced compared to that of the wild-type strain SEY6211
(doubling time of 185 min versus 115 min), and mutant cells
form large aggregates (Fig. 1A, right panel). Upon shift to
medium without sorbitol, cells cease growth (Fig. 1A; see Fig.
3A). Determination of the number of survivors over time re-
vealed that after a 4-h incubation period, ~80% of the cells
were usually dead (data not shown). Microscopic examination
showed the accumulation of cells with small buds that stained
intensely with the vital dye methylene blue (Fig. 1A, left
panel). This observed terminal cell lysis phenotype is charac-
teristic of mutants defective in the PKC1 cell integrity pathway
(19, 33, 35). We therefore tested whether pmt2 pmt4A mutants
have other phenotypes typical of mutants defective in the
PKCI1 pathway, such as mating pheromone-induced cell death
(22). Treatment of MATa pmt2 pmt4A cells with the mating
pheromone a-factor in the presence of 1 M sorbitol resulted in
>90% cell death after an incubation period of 7 h (Fig. 1B).
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FIG. 1. Terminal cell lysis (A) and mating-induced cell death (B) of the pmt2 pmt4A mutant. (A) Log-phase cells of the pmt2 pmt4A strain were
grown in YPD liquid medium in the presence (right panel) or absence (left panel) of 1 M sorbitol for 4 h. Cells were stained with the vital dye
methylene blue. Arrows indicate dead cells, which appear dark blue. (B) Wild-type strain SEY6211 (A) and the pmt2 pmt4A mutant (@) were
grown in YPDS at 30°C and treated with a-factor as described in Materials and Methods. At the indicated times, viability was measured by plating
onto YPDS. CFU were counted after 4 days at 30°C. Average values from two independent experiments are shown. The inset shows pmt2 pmt4A

cells stained with methylene blue after 4.75 h of a-factor treatment.

Methylene blue staining revealed that cells arrested and died at
the onset of morphogenesis when the mating projection is
formed (Fig. 1B). This phenotypic characterization indicates
that the pmt2 pmt4A mutant resembles mutants with defects in
the cell integrity pathway, such as pkcIA (35) or mid2AwscIA
(30, 46) mutants.

Impaired phosphorylation of Mpklp in response to mating
pheromone or heat stress. To explore further whether the cell
integrity pathway is affected in pmt2 pmt4A mutants, we ana-

lyzed the activation of the PKC1 pathway by measuring the
activity of the MAP kinase Mpklp/Slt2p. During pheromone
induction or temperature stress, Mpklp activity increases as a
result of tyrosine phosphorylation of the protein (4, 58). There-
fore, we measured Mpklp phosphorylation in wild-type and
pmt2 pmt4A mutant strains after pheromone treatment by us-
ing a phospho-specific p44/42 MAP kinase antibody. As shown
in Fig. 2, pmt2 pmt4A mutants do not show increased Mpklp
phosphorylation in response to the mating pheromone a-factor
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FIG. 2. Mpklp phosphorylation in response to a-factor is impaired
in the pmt2 pmt4A mutant. The pmt2 pmt4A mutant (lanes 1 and 2) and
wild-type (WT) strain SEY6211 (lanes 3 and 4) were treated with
a-factor for 3 h or mock treated as indicated. Cell extracts were
prepared as described in Materials and Methods. Proteins were re-
solved on SDS-10% polyacrylamide gels and analyzed by Western
blotting. Blots were sequentially probed with polyclonal anti-phospho-
p44/p42 MAP kinase antibodies (upper panel) and polyclonal anti-
Ptklp antibodies (lower panel). Arrows indicate the MAP kinases
Mpklp and Fus3p. Ptkl1p indicates equal loading of the lanes. Western
signals were quantified by using Optiquant (Packard BioScience) soft-
ware. Band intensities of phospho-Mpklp were normalized according
to the relative intensities of Pfklp to correct loading variations of the
polyacrylamide gels. Average values from three independent experi-
ments are shown.

(lanes 1 and 2). Quantification of phospho-Mpklp revealed
that in wild-type yeast, Mpklp phosphorylation increases up to
4.6-fold after a-factor treatment (Fig. 2, lanes 3 and 4), but no
such increase is seen in the pmt2 pmt4A mutant (Fig. 2, lanes
1 and 2). Interestingly, under noninduced conditions in pmt2
pmit4A cells, the level of phospho-Mpklp was approximately
2.5-fold higher than that in wild-type cells (Fig. 2, compare
lanes 1 and 3). Although the difference was small, it was highly
reproducible. In contrast, phosphorylation of the MAP kinase
Fus3p (1, 11), which is activated in response to a-factor by a
pheromone-induced MAP kinase cascade, increased at the
same rate in both strains (Fig. 2, lanes 2 and 4). This indicates
that pmt2 pmt4A mutants specifically fail to activate the PKC1
pathway. Similar results were obtained upon mild heat treat-
ment (37°C) (data not shown). From these data, we conclude
that the PMTs are required for efficient signaling in the PKC1
pathway.

Overexpression of PKC1, WSC1, or MID2 suppresses the cell
lysis defect and mating pheromone sensitivity of pmt2 pmt4A
mutants. The plasma membrane sensors of the PKC1 pathway,
Mid2p and Wsclp, are O mannosylated (30, 36, 46), and there-
fore it seemed likely that their modification is affected in pmi2
pmt4A mutants. Because overexpression of PKCI suppresses
the cell lysis defect of a mid2A wsclA mutant (30), we inves-
tigated whether this also applies to pmt2 pmt4A mutants. We
found that expression of high-copy PKC! to some extent sup-
presses both the cell lysis defect in nonosmotically stabilized
medium at 30°C (Fig. 3A) and the pheromone-induced cell
death (Fig. 3B). Interestingly, overexpression of MID2 or
WSCI also partly restores the growth of pmt2 pmt4A cells in
the absence of 1 M sorbitol (Fig. 3A). In addition, multicopy
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FIG. 3. Overexpression of members of the PKC1 pathway sup-
presses pmt2 pmt4A conditional lethal phenotypes. The pmt2 pmt4A
mutant was transformed with YEp352-PMT2 (pmt4, m), YEp325
(pmt2 pmt4, @), YEp352-PKC1 (PKCI 71, A), YEp352-MID2-HA
(MID2 ", #), and YEp352-HCS77-HA (WSCI 1) and grown in SCS
without uracil to exponential phase. (A) PKC1, MID2, and WSCI
partially suppress the cell lysis phenotype. A total of 10° cells of the
strains indicated and 10-fold serial dilutions thereof were spotted onto
YPD and YPDS plates and incubated for 3 days at 30°C. (B) PKC1 and
MID?2 suppress the pheromone-induced cell death. Cells were treated
with a-factor in SCS without uracil, and viability was measured at the
indicated times as described in Materials and Methods. Average values
from two independent experiments are shown.

expression of MID2 rescues pmt2 pmt4A cells from phero-
mone-induced cell death. As shown in Fig. 3B, 88% of pmit2
pmt4A cells overexpressing MID2 survived a treatment with
a-factor for 8.8 h, compared to 18% of pmt2 pmt4A cells
transformed with a control plasmid. Expression of PKCI,
MID2, or WSCI from single-copy plasmids failed to suppress
the growth defects of pmt2 pmt4A cells (data not shown).

Our data so far suggested that signaling of cell wall stress
through the PKC1 pathway is impaired in pmt2 pmt4A mu-
tants. Because the phenotypes of pmit2 pmt4A mutants closely
resemble those of mid2 AwsclA mutants (30, 44), we analyzed
the effect of protein O mannosylation on Wsclp, Wsc2p, and
Mid2p, upstream activators of the PKC1 pathway.

O mannosylation of Wsclp and Wsc2p is impaired in pmt
mutants. To investigate the WSC family members biochemi-
cally, we expressed single-copy, C-terminally HA epitope-
tagged versions of Wsclp and Wsc2p in wild-type yeast and the
pmt2 pmt4A mutant. Crude membranes were prepared, and
Wsc proteins were analyzed with SDS-8% polyacrylamide gels
and Western blotting, using monoclonal anti-HA antibodies.
Wsclp™ and Wsc2p™™ have deduced molecular masses of
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FIG. 4. Impaired O mannosylation and stability of Wsclp and Wsc2p in pmt mutants. Western blots of crude membranes (30 ug of protein)
isolated from yeast strain SEY6210 (wild type [WT]) (lane 1) and the pmt2A (lane 2) (XMAO-2L), pmt4A (lane 3) (XMAO0-4T), and pmt2 pmt4A
(lane 4) mutants expressing single-copy plasmid pRS416-WSCI1HA (Wsclp'#) (A) or pML1 (Wsc2p''?) (B) are shown. Proteins were resolved
on SDS-8% polyacrylamide gels. Blots were sequentially probed with monoclonal anti-HA and polyclonal anti-Wbp1p antibodies. Wbp1p indicates

equal loading of the lanes.

42.8 and 55.8 kDa, respectively. The mature Wsclp™* and
Wsc2p™# proteins isolated from wild-type yeast show apparent
molecular masses of ~110 to 120 kDa and ~160 to 200 kDa,
respectively, due to a high number of O-linked polymannose
chains (Fig. 4, lanes 1) (36, 46). Both proteins contain N-
glycosylation sequons but are not N glycosylated in vivo (ref-
erence 46 and data not shown). Strikingly, in pmt2 pmt4A
mutants Wscl1p™ and Wsc2p™ were not detected as bands of
the expected molecular masses (Fig. 4, lanes 4). In the case of
Wsclp“A, a faint smear of ~100 to 68 kDa, two distinct bands
of 71 and 68 kDa, and fragments smaller than 35 kDa were
specifically detected by the anti-HA antibodies (Fig. 4A, lane
4); in the case of Wsc2p™, only protein fragments with mo-
lecular masses of less than 35 kDa were recognized (Fig. 4B,
lane 4). These data suggested that Wsc1p™* and Wsc2p™ are
O mannosylated by either Pmt2p, Pmt4p, or both and that a
lack of O mannosylation affects the stability of the proteins. In
order to test whether Pmt2p or Pmt4p individually affects the
maturation of the Wsc proteins, we analyzed Wsclp™* and
Wsc2p™™ in pmt2A and pmt4A single mutants. As shown in
Fig. 4A, in the absence of Pmt2p the molecular mass of
WsclpH® slightly decreases, and, even more strikingly, the
total amount of the high-molecular-mass form is dramatically
reduced, and fragments smaller than 45 kDa are detectable
(compare lanes 1 and 2). In the pmt4A mutant, in addition to
an almost normal amount of the mature form of Wsc1p™*, two
bands at 71 and 68 kDa and smaller fragments appear (Fig. 4A,
lane 3). Similar results were obtained for Wsc2p™#. In the
pmt2A mutant, but not in the pm4A strain, the high-molecular-
mass form of Wsc2p™ is slightly smaller than that in wild-type
cells. In both mutants, however, the total amount of these
forms is decreased and fragments of <45 kDa in pmi2A cells
and of <35 kDa in pmt4A cells arise (Fig. 4B, lanes 2 and 3).

Other membrane proteins, such as Wbplp (54), a subunit of
the oligosaccharyltransferase complex, are not affected in O-
mannosylation mutants (Fig. 4, lower panels).

The results indicate that Wsclp and Wsc2p are substrates of
the PMTs Pmt2p and Pmt4p and that diminished O mannosy-
lation affects the stability of the Wsc proteins. Our data further
suggest that Pmt2p and Pmt4p differently affect the maturation
of Wsc proteins and, therefore, that their simultaneous dele-
tion in pmt2 pmt4A cells has additive effects.

Overexpression of Pmtlp in pmt2 pmt4A cells rescues the
cell lysis defect and restores Wscp O mannosylation. Pmtlp
and Pmt2p form a heteromeric complex and mannosylate a
very similar set of protein substrates in vivo (14, 17). Overex-
pression of PMTI1, but not of PMT3, PMT5, or PMT6, sup-
presses the cell lysis phenotype of pmit2 pmt4A cells (Fig. SA
and data not shown). If cell lysis in the absence of an osmotic
stabilizer is primarily due to the maturation defect of the Wsc
proteins, one would expect that overexpression of PMT1 would
restore O mannosylation and thereby the stability of Wsc pro-
teins. This is exactly what we observed. Overexpression of
PMTI compensates for the lack of PMT2 and almost com-
pletely restores the ability of pmt2 pmt4A cells to produce
mature Wsclp™ in (Fig. 5B). Similar results were obtained
for Wsc2p™# (data not shown).

Impaired O mannosylation affects stability of Mid2p. It was
previously suggested that Mid2p is O mannosylated exclusively
by Pmt2p (44). However, compared to pmt2 pmt4A strains,
pmit2A mutants show a very mild pheromone-induced cell
death phenotype (44). We therefore investigated whether
Mid2p is affected differently in pm¢2A mutants than it is in
pmit2 pmt4A mutants. We expressed a single copy of C-termi-
nally HA epitope-tagged Mid2p (see Fig. 7A) in wild-type
yeast and pmit mutants. Crude membranes were prepared, and
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FIG. 5. Overexpression of PMT1 in the pmt2 pmt4A mutant. Wild-type (WT) strain SEY6210 was transformed with pRS423, and the pmz2
pmt4A mutant was transformed with pRS423 (pmt2 pmt4) or pML2 (pmt2 pmt4 PMTI 1) (#1 and #2 indicate individual transformants).
(A) Strains were grown on SCS plates without histidine for 2 days, restreaked on YPD (upper panel) and YPDS (lower panel) plates, and incubated
at 30°C for 4 days. (B) The indicated strains were transformed with single-copy plasmid pRS416-WSC1HA (Wsc1p"#) and grown on SCS without
histidine and uracil. Crude membranes (30 pg of protein) were prepared and resolved on SDS-8% polyacrylamide gels. Western blotting was
performed by sequential probing with monoclonal anti-HA (upper panel) and polyclonal anti-Wbplp (lower panel) antibodies.

proteins were analyzed as described above. Mid2p™ has a
deduced molecular mass of 40.4 kDa. In wild-type yeast,
Mid2p"* shows an apparent molecular mass of >200 kDa. In
addition, two smaller protein bands with apparent molecular
masses of ~47 and ~40 kDa are specifically detected by the
anti-HA antibodies (Fig. 6A, lane 1) (44, 46). In pmt2 pmt4A
cells the >200- and 47-kDa forms of Mid2p™* are absent,
whereas the amount of the 40-kDa protein significantly in-
creases (Fig. 6, lanes 4). In addition, a small amount of a
~66-kDa band appears that is not detected in wild-type cells
(Fig. 6A, lane 4). A similar pattern is observed in a pmt4A
single mutant, although the ~66-kDa band is detectable only
when Mid2p™* is expressed from a 2um plasmid (Fig. 6A, lane
7). The pattern changes in a pmt2A single mutant; only the 40-
and 47-kDa variants of Mid2p™* are detected, with the latter
being the most abundant protein (Fig. 6, lanes 2). Interestingly,
when MID2%4 was overexpressed from a 2um plasmid, in
addition to the Mid2p™# variants described, small amounts of
Mid2p™4 with molecular masses of ~80 to 200 kDa could be
detected in pmt mutants (Fig. 6A, lanes 6 to 8). From these
data we conclude that (i) Pmt2p and Pmt4p differentially affect
the maturation of Mid2p and (ii) additional mannosyltrans-
ferases are involved in the modification of Mid2p.

To gain further insight into the nature of the different Mid2p
variants, we analyzed the glycosylation state of Mid2p™ in
more detail. In addition to many O-mannosylation sites, Mid2p
has two potential N-glycosylation sites (NXS/T) at positions
Asn-35 and Asn-211 (Fig. 7A). However, it is not known
whether Mid2p is N glycosylated in vivo. Mid2p™* was over-
expressed in wild-type, pmt2A, and pmt4A strains and purified
by immunoprecipitation. Removal of N-linked carbohydrate
chains by treatment with Endo H reduced the molecular mass

of mature Mid2p™* isolated from wild-type yeast from >200
to ~150 kDa, demonstrating that Mid2p is N glycosylated in
vivo (Fig. 7B, lanes 1 and 2). Eliminating the N-glycosylation
site N35SS by site-directed mutagenesis abolished N glycosyl-
ation (data not shown), proving that Mid2p is modified by one
N-linked carbohydrate chain at position Asn-35. In the pmt4A
mutant, mature Mid2p™* and the ~66-kDa variant are also N
glycosylated (Fig. 7B, lanes 5 and 6), but neither the 47-kDa
nor the 40-kDa form is modified by N glycosylation (Fig. 7B).
These data suggested that decreased O mannosylation either
affects N glycosylation of Mid2p or results in at least partial
clipping of the N-terminal domain.

To distinguish between these possibilities, pulse-chase label-
ing experiments were performed. Wild-type, pmt2A, and
pmit4A cells expressing single-copy MID2"* were metabolically
pulse-labeled with [>*S]methionine for 3 min. After different
chase periods, Mid2p™# was immunoprecipitated from whole-
cell extracts and analyzed by SDS-PAGE and autoradiography.
In wild-type yeast after a labeling period of 3 min, a ~100-kDa
Mid2p™* precursor and mature Mid2p™* (>200 kDa) could
be detected (Fig. 7C, lane 1). Analysis of Mid2p"* in a seci8
mutant, which accumulates secretory proteins in the ER at
restrictive temperature (18), confirmed that the ~100-kDa
protein represents the ER form of Mid2p™* (data not shown).
After a chase period of 5 min, the precursor was no longer
detected, and the amount of the mature protein increased and
did not change further over 15 min (Fig. 7C, lanes 2 and 3).
The situation was similar in the pmt4A mutant. However, in
addition to mature Mid2p™#, the 40-kDa form appeared after
a 5-min chase period (Fig. 7C, lanes 7 to 9). In contrast, in the
pmt2A mutant, precursor forms with molecular masses of be-
tween ~85 and ~75 kDa were detected after the 3-min pulse,
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FIG. 6. Impaired O mannosylation of Mid2p in pmt mutants. West-
ern blots of crude membranes isolated from the yeast strain SEY6210
(wild type [WT]) and the pm2A (XMAO-2L), pmt4A (XMAO0-4T), and
pmt2 pmt4A mutants expressing single-copy plasmid pRS416-
MID2HA (CEN Mid2p"*) (lanes 1 to 4) or multicopy plasmid
YEp352-MID2-HA (2pum Mid2pH#) (lanes 5 to 8) are shown. Proteins
were resolved on SDS-8% polyacrylamide gels. Blots were sequentially
probed with monoclonal anti-HA and polyclonal anti-Wbp1p antibod-
ies. The same samples were loaded in each panel; to increase resolu-
tion, 30 pg of proteins was loaded in panel A and only 5 g of protein
was loaded in panel B.

indicating that this Mid2p™# variant is heterogeneously glyco-
sylated (Fig. 7C, lane 4). Similar forms of Mid2p™* accumu-
lated in a secI8 pmt2A mutant after a shift to the restrictive
temperature (data not shown), indicating that a less glycosy-
lated ER precursor of Mid2p™* is made in the absence of
Pmt2p. In addition, a high-molecular-mass form of Mid2p"'# is
present (Fig. 7C, lane 4). Strikingly, after a 5-min chase period,
the 47-kDa variant appears, and, with time, high-molecular-
mass forms of Mid2p™# disappear whereas the 47-kDa form
accumulates (Fig. 7C, lanes 5 and 6).

These data indicated that Mid2p is proteolytically processed
in pmt mutants. To prove these results, we determined the
peptide sequence of the N terminus of the 47- and 40-kDa
variants of Mid2p. A protein A tag was fused to the carboxyl
terminus of Mid2p, and the tagged protein was expressed in a
pmit2A mutant. By using IgG affinity chromatography, the low-
molecular-mass variants of Mid2p™**** were purified, and the
N-terminal protein sequences were determined by Edman deg-
radation (for details, see Materials and Methods). For both
Mid2p variants, the N-terminal peptide sequence identified is
Ala-Asp-Ser-Ser-Asn-Lys-Ser-Lys-Ser and matches amino ac-
ids Ala-207 to Ser-215 of mature Mid2p (Fig. 8A). This region
is located in the extracellular domain of Mid2p, in close prox-
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FIG. 7. Processing of Mid2p in pmt mutants. (A) Schematic repre-
sentation of Mid2p"*. Mid2p is a type I membrane protein of the
plasma membrane (PM). The C terminus is facing the cytoplasm, and
the N terminus is facing the periplasmic space. Black rectangle, trans-
membrane domain; grey rectangle, signal peptide; stalk structure, O-
glycosylated Ser/Thr-rich domain. N35 and N211 indicate putative
N-glycosylation sites, but only N35 is glycosylated in vivo. The arrow
indicates the site of proteolytic cleavage. (B) Mid2p™* (YEp352-
MID2-HA) was expressed in strain SEY6210 (wild type [WT]) and the
pmit2A (XMAO-2L) and pmt4A (XMAO-4T) mutants and immunopre-
cipitated with monoclonal anti-HA antibodies coupled to protein A-
Sepharose. To remove N-linked carbohydrate chains, the immunopre-
cipitates were treated with Endo H. Mid2p"'# was analyzed by SDS-
PAGE and Western blotting with monoclonal anti-HA antibodies.
(C) Strain SEY6210 and the pmt2A (XMAO-2L) and pmt4A (XMAO-
4T) mutants expressing a single copy of MID2"* (pRS416-MID2HA)
were pulse-labeled with [**S]methionine as described in Materials and
Methods. Samples were separated on 6 to 12% polyacrylamide gels.
Autoradiography was performed for 5 days. The asterisk and bracket
indicate ER forms of Mid2p"#; arrows indicate the 47- and 40-kDa
protein variants.

imity to the putative transmembrane domain (Asn-221 to Cys-
249) (Fig. 8A). Interestingly, the signal intensity of all serine
residues determined by Edman degradation was low in com-
parison to that of the other amino acids, suggesting that the
serines are partially O mannosylated. Thus, we determined
whether the 47- and 40-kDa Mid2p variants are still modified
by O-linked polymannose chains. Complete deglycosylation
was achieved with a-mannosidase. Deglycosylation of Mid2p™*
isolated from both a pmt2A mutant (Fig. 8B, lanes 1 and 2) and
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FIG. 8. N-terminal peptide sequence and O mannosylation of the
low-molecular-mass Mid2p protein variants. (A) Deduced amino acid
sequence of Mid2p. The rectangle marks the putative transmembrane
domain. The N-terminal peptide sequence of the 47- and 40-kDa
protein variants, obtained by Edman degradation, is underlined. The
arrow indicates the cleavage site. (B) Mid2p™* (YEp352-MID2-HA)
was expressed in the pm2A (XMAO-2L) and pmt4A (XMAO-4T)
strains and immunoprecipitated with monoclonal anti-HA antibodies
coupled to protein A-Sepharose. Complete deglycosylation was
achieved by using a-mannosidase (MNase) as described in Materials
and Methods. Mid2p"* was analyzed by SDS-PAGE and Western
blotting with monoclonal anti-HA antibodies.

a pmt4A mutant (Fig. 8B, lanes 3 and 4) resulted in a decrease
of the apparent molecular masses from 47 and 40 kDa, respec-
tively, to approximately 38 kDa. The same apparent molecular
mass was observed for a truncated version of Mid2p™* (dele-
tion of N-terminal amino acids 2 to 206), which was expressed
in E. coli (data not shown). Taken together, these data show
that the low-molecular-mass Mid2p proteins represent trun-
cated forms, with various degrees of O mannosylation.

In summary, our data demonstrate that in the absence of
Pmtps, Mid2p is incorrectly processed on its way to or at the
plasma membrane.

DISCUSSION

In this study we show that the diminished cell wall integrity
of PMT mutants is predominantly a consequence of a loss of
activation of the PKC1 pathway during morphogenesis and in
response to cell wall stress. Our data suggest that activation
fails due to impaired signaling through the plasma membrane
sensors of the WSC family and Mid2p, whose stabilities are
greatly reduced in pmt mutants.

MoL. CELL. BIOL.

Protein O mannosylation enhances the stability of the WSC
family members and Mid2p. Wsc proteins and Mid2p contain
serine- and threonine-rich domains that are typical of highly
O-mannosylated proteins (30, 46, 55) and that are crucial for
protein function, as demonstrated for Wsclp and Mid2p (36,
44, 46). It was suggested that the modification of those regions
by O-mannosyl glycans, which are short linear oligosaccharides
consisting of one to five mannose residues (12), causes the
proteins to adopt rod-like structures to span the periplasmic
space and interact directly with the cell wall (36, 44, 46).

We show here that O mannosylation of these domains is not
only a structurally important modification but in fact is crucial
for the stability of Wsc proteins and Mid2p. O-Mannosyl gly-
cans protect the extracellular N-terminal regions of the type I
plasma membrane sensors from incorrect processing and
thereby ensure signaling competency. Several lines of evidence
support this finding. First, the Wsc proteins Wsclp and Wsc2p
are less extensively O mannosylated in pm¢ mutants, as de-
duced from the decrease in molecular mass of those glycopro-
teins compared to the wild type (Fig. 4). In addition, and even
more strikingly, the total amount of the O-mannosylated forms
of Wsclp and Wsc2p is dramatically reduced, most notably in
pmt2 pmt4A cells. Second, protein fragments of Wsclp and
Wsc2p with molecular masses lower than expected for the
nonmannosylated proteins are present in pmt mutants (Fig. 4).
In the case of Wsclp™ (predicted molecular mass of 44.8
kDa), fragments of <35 kDa were detected, whose masses are
very similar to those observed for a mutant version of Wsclp
from which the N-terminal domain (amino acids 22 to 244) was
deleted (36). Considering that phosphorylation of the C-ter-
minal region of Wsclp results in slower migration in SDS-
PAGE (36), the protein fragments might be even smaller than
indicated by their apparent molecular masses on SDS-poly-
acrylamide gels. Third, analyses of N- and O-linked carbohy-
drate chains (Fig. 7B and 8B), pulse-chase labeling (Fig. 7C),
and N-terminal sequence analyses (Fig. 8A) showed that the
47- and 40-kDa fragments of Mid2p represent truncated forms,
with various degrees of O mannosylation, which originate from
high-molecular-mass precursors. Because Mid2p is less glyco-
sylated in pmt mutants but is still intact in the ER (Fig. 7C, and
data not shown), and because the truncated forms of the pro-
tein become localized to the plasma membrane (references 30
and 46 and data not shown), incorrect processing must occur
either while Mid2p is transiting through the Golgi apparatus or
after it has reached the plasma membrane.

In yeast, the function of another O-mannosylated type I
plasma membrane protein, AxI2p/Bud10p, is affected by the
absence of O-linked glycans due to proteolytic cleavage of the
protein (51). Ax12p is required for the axial budding pattern of
haploid cells. O-linked glycosylation increases AxI2p activity by
enhancing the protein’s stability and promoting its localization
to the plasma membrane. In pm#4A mutants, the N-terminal
Ser/Thr-rich region is removed while AxI2p transits the Golgi
apparatus. A similar degradation pathway might apply to Wsc
proteins and Mid2p.

Several members of the PMT family contribute to the O
mannosylation of Wsclp, Wsc2p, and Mid2p. We show here
that Wsclp, Wsc2p, and Mid2p are O mannosylated by, at
least, Pmt2p and Pmt4p (Fig. 4 to 8). In an earlier study, it was
suggested that Mid2p is O mannosylated exclusively by Pmt2p
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and that Wsclp is not a Pmt2p substrate (44). These apparent
discrepancies can be explained by differences in experimental
design. We analyzed Wsclp and Mid2p expressed on single-
and multicopy plasmids in different pm¢ mutants, whereas
Philip and Levin only studied O mannosylation of overex-
pressed versions of Mid2p and Wsclp (44). We could show
that overexpression of Mid2p and Wsclp in pmt mutants brings
about an increase in the amount of high-molecular-mass pro-
tein variants (Fig. 6A and data not shown). These observations
are in agreement with our finding that a lack of O mannosy-
lation causes aberrant protein processing. Upon overexpres-
sion, large amounts of underglycosylated forms of Mid2p and
Wsclp arise, which in part might escape proteolytic processing.
Therefore, in our biochemical analyses we focused on single-
copy versions of the Wsc proteins and Mid2p. Even there it
became obvious that a fraction of the proteins escaped pro-
cessing (Fig. 4, 6, and 7). Thus, we attached great importance
to detect both qualitative and quantitative changes in the
Western blot analyses.

In the pmt2 pmt4A mutant, protein variants of Wsclp and
Mid2p that are still O mannosylated could be detected (Fig. 4A
and 6A and data not shown), indicating that Wsclp and Mid2p
are also substrates for other O-mannosyltransferases. One of
these appears to be Pmtlp, which forms a heteromeric com-
plex with Pmt2p (17) and which restores glycosylation of
Wsclp when overexpressed in pmt2 pmt4A cells (Fig. 5).
Wsclp is also less highly glycosylated when isolated from a
pmtl A mutant strain (data not shown). Glycosylation of Mid2p
is affected in both pmt2A and pmt1A mutants, but the effect in
pmtIA mutants is less pronounced, and overexpression of
Pmtlp in pmt2 pmt4A mutants does not obviously affect Mid2p
maturation (data not shown). In addition, Pmt3p is also capa-
ble of O-mannosylating Wsclp in vivo, because Wsclp shows a
further decrease in glycosylation in a pmt2 pmt3A mutant com-
pared to a pmt2A strain (data not shown).

O mannosylation is initiated by PMT family members as
their substrate proteins enter the ER (52). Typical substrates
of PMTs contain Ser/Thr-rich domains that, as a rule, are
mannosylated by more than one PMT family member. This is
the case for the cell wall proteins Ctslp (13) and Ccw5p (10),
the Golgi protease Kex2p (14), the plasma membrane protein
AxI2p (51), and, as shown here, WSC family members and
Mid2p. The only known exception is mutant a-factor precur-
sor, which is O mannosylated exclusively by Pmt2p (21). How-
ever, mutant a-factor precursor lacks a Ser/Thr-rich domain
and is O mannosylated only because its exit from the ER is
slowed.

Cell wall perturbations in pmt mutants result in activation
of the PKC1-MPK1-dependent cell wall compensatory mech-
anism. The cell wall is an essential structure in yeast (31). It is
composed of B-glucan (~50% of cell wall dry mass), manno-
proteins (~50%), and chitin (~2%). Cell wall perturbations
induced in yeast cells by treatment with cell wall-destabilizing
agents and by mutations in genes involved in cell wall biogen-
esis cause the activation of the PKC1-MPKI1-dependent cell
wall compensatory mechanism (9, 32). This compensates for
cell wall weakening by, for instance, increasing the chitin con-
tent of the cell wall (45). The majority of cell wall mannopro-
teins are both N glycosylated and highly O mannosylated (52).
In N-glycosylation mutants, which lead to a truncation of the
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mannan structure on cell wall proteins, the PKC1-MPK1-de-
pendent cell wall compensatory mechanism is activated (32).
Similarly, a decrease in the amount of O-linked sugars will
globally affect cell wall mannoproteins (41, 52), which in turn
might cause cell wall perturbations and induce the PKCI1-
MPK1-dependent cell wall compensatory mechanism. Consis-
tent with this, a basal activation of the cell integrity pathway
occurs in pmt2 pmt4A cells, as indicated by a constitutively
increased level of Mpklp phosphorylation (Fig. 2). A PKCl1
pathway-dependent reporter (PIR3-lacZ) confirmed these re-
sults. PIR3 encodes a covalently linked cell wall protein (41),
and its expression is increased in response to activation of
Mpkl (27). In comparison to that in wild-type yeast, PIR3-
dependent transcription is elevated significantly in pmt single
mutants and more strongly still in pm¢ double mutants (data
not shown). In addition, the cell wall chitin content is signifi-
cantly increased in pmt¢ mutants (13).

In pmt2 pmt4A mutants the PKCI1 pathway is not activated in
response to mating pheromone (Fig. 2) or heat stress (data not
shown), highly likely due to impaired signaling through the
plasma membrane sensors of the WSC family and Mid2p.
However, in pmt2 pmt4A cells, the PKCI1-MPK1-dependent
cell wall compensatory mechanism is activated (see above),
suggesting that Wsc proteins and Mid2p are not required for
this response. It remains to be elucidated how global cell wall
perturbations are sensed in pmt¢ mutants. In mannose-utilizing
protein glycosylation mutants, SHOI-dependent activation of a
STE12 signaling pathway occurs (7), and this pathway is also
induced in pmt mutants (U. Schermer and S. Strahl, unpub-
lished data). Recently, a connection between the Cdc42 GTPase
and the MPK1-mediated cell integrity pathway was shown (48),
suggesting that in yeast cross talk between different MAP ki-
nase pathways might contribute to the activation of cell wall
compensatory mechanisms.

Why is protein O mannosylation vital? wscl mid2A, wscl
wsc2 wse3 wsc4A, and pkclA mutants are viable when osmot-
ically stabilized (44, 56, 59). Thus, loss of function of the type
I plasma membrane sensors of the PKCI1 pathway explains why
pmt2 pmt4A mutants are osmolabile but not why the additional
deletion of PMT]I causes cell death of pmtl pmt2 pmt4A mu-
tants (13). In pmt2 pmt4A mutant cells, not only Wsc proteins
and Mid2p but many other plasma membrane and cell wall
proteins will be affected (51, 52). This results in a generally
weakened cell wall, and compensatory mechanisms are neces-
sary to stabilize cells. Once the O-mannosylating capacity falls
below a critical level, the folding, maturation, and/or stability
of too many glycoproteins might be perturbed for the cells to
be able to compensate for all of these defects.
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