










that is highly conserved among the yeast Pmt isoforms (Fig.
4B). A double wsc1D pmt2D mutant was constructed and found
to be viable only in the presence of osmotic support (i.e., 10%
sorbitol [data not shown]), indicating that pmt2-1 retains par-
tial function. In contrast, a mid2D pmt2D mutant was viable,
even at 37°C (data not shown). This result suggests that Pmt2
functions in parallel with Wsc1, but on the same pathway as
Mid2.

The Pmt enzymes are responsible for the first step in O-
linked protein glycosylation in yeast. This involves attachment
of a mannose to the side-chain hydroxyl group of seryl and
threonyl residues in target proteins (45). There appears to be
some functional overlap among the various Pmt isoforms, be-
cause loss of function of any one PMT gene does not result in
apparent phenotypic defects, whereas some combinations of
pmt mutations are deleterious (45). We demonstrated previ-
ously that both Wsc1 and Mid2 are O mannosylated on their
extracellular domains (40). Additionally, Ketela et al. (21)
showed that a pmt1D pmt2D mutant was defective for modifi-

cation of Mid2, but did not report results obtained with single
pmt mutants. Therefore, we examined the possibility that Pmt2
function is required in a wsc1D mutant because this enzyme is
solely responsible for modification of Mid2. We expressed a
fully functional, C-terminally epitope-tagged form of Mid2
(Mid2HA 40) in a pmt2D mutant and its isogenic wild-type
strain. Figure 5 (left panel) shows that Mid2HA isolated from
pmt2D cells migrates on SDS-PAGE with an apparent molec-
ular mass of approximately 45 kDa, very close to its predicted
mass. In contrast, the fully modified form of this protein, iso-
lated from wild-type cells, migrates with a much larger appar-
ent molecular mass (160 to 180 kDa 40) (Fig. 5). This form of
Mid2HA was not detected in pmt2D cells, indicating that Pmt2
is the only protein mannosyl transferase isoform capable of
modifying Mid2. Consistent with this interpretation, pmt1, -3,
or -4 deletion mutants modified Mid2HA normally (not shown).
In contrast to these results, a similarly epitope-tagged form of
Wsc1 (Wsc1HA 40) was fully modified in a pmt2D mutant (Fig.
5, right panel).

Mid2 is required for activation of the Mpk1 MAPK in re-
sponse to mating pheromone treatment (21, 40). To determine
if Pmt2-catalyzed modification of Mid2 is important for signal-
ing by this sensor, we measured pheromone-induced activation
of Mpk1HA in a pmt2D strain. Indeed, Mpk1HA activation was
compromised in the pmt2D mutant (Fig. 6A). However, in
contrast to a mid2D mutant, the pmt2D mutant retained some
ability to activate Mpk1HA. A GFP-tagged form of Mid2 (40)
localized normally to the cell surface in a pmt2D mutant (not
shown), indicating that the deficiency in signaling observed in
this mutant is not attributable to mislocalization of Mid2.

Mid2 function is required for survival of cells treated with
mating pheromone (12). Therefore, as a further test of the
importance of O mannosylation for Mid2 function, we exam-
ined a pmt2D mutant for its ability to survive treatment with
a-factor. Figure 6B shows that a MATa pmt2D strain displayed

FIG. 4. wsc1D and pmt2-1 mutations exhibit an additive cell lysis
phenotype. (A) Yeast strain DL2550 (wsc1D pmt2-1) was transformed
with centromeric plasmids pRS314[WSC1], pRS314[PMT2], pRS314
[pmt2-1], and pRS314 (vector). Transformants were streaked onto
YEPD plates for 2 days at 34°C. (B) Amino acid sequence alignment
of the six yeast Pmt isoforms through the region surrounding the
pmt2-1 mutation, which results in replacement of Asp92 with Asn
(underlined).

FIG. 5. Mid2 is a specific substrate of the Pmt2 protein O-D-man-
nosyl transferase. Extracts from wild-type (WT [1783]) or pmt2D
(DL2468) cells expressing either Mid2HA (left panel) or Wsc1HA (right
panel) from high-copy plasmid YEp352 were subjected to SDS-PAGE
analysis followed by immunoblot analysis with the 12CA5 antibody.
The asterisk denotes a protein that cross-reacts with this antibody.
Molecular mass markers are indicated in kilodaltons.
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some sensitivity to pheromone, but not as much as an isogenic
mid2D mutant, consistent with the observed retention of some
signaling capability in the pmt2D mutant. We conclude from
these experiments that O mannosylation of the extracellular
domain of Mid2 is important for signaling by this molecule in
response to cell wall stress generated either during vegetative
growth or by pheromone-induced morphogenesis.

DISCUSSION

The Wsc1 and Mid2 cell surface sensors interact with and
regulate the Rom2 GEF for the Rho1 GTPase. Wsc1 and Mid2

act in parallel to stimulate cell wall integrity signaling. In the
absence of one of these cell surface proteins, the other is
essential. Although their C-terminal intracellular domains are
not similar at the primary sequence level, their genetic inter-
actions suggested that these sensors share common intracellu-
lar targets (40). In this study, we demonstrated by two-hybrid
analysis that the intracellular domains of both Wsc1 and Mid2
interact with Rom2, a GEF for Rho1. Additionally, at least
Wsc1 interacts specifically with the N-terminal domain of
Rom2 (aa 1 to 660), which is not conserved among other
known guanine nucleotide exchange proteins. The conserved
DBL-homologous domain (aa 661 to 856) interacts with Rho1

FIG. 6. (A) PMT2 is important for pheromone-induced activation of Mpk1. Cultures of cdc28-13 (wild type [WT]; DL2393), cdc28-13 mid2D
(DL2435), and cdc28-13 pmt2D (DL2440) strains expressing Mpk1HA from pRS425 were synchronized by arrest in G1 at 37°C for 90 min, followed
by treatment with 50 nM a-factor. Mpk1HA was immunoprecipitated (with the 12CA5 antibody) from extracts of cultures taken at the indicated
time points. Protein kinase assays were conducted with myelin basic protein (MBP) as the substrate. The lower panel represents an immunoblot
of Mpk1HA immunoprecipitates. Mpk1 is not activated in this strain background by temperature upshift (1a). (B) PMT2 is important for survival
of a-factor treatment. Wild-type (1783), pmt2D (DL2468), and mid2D (DL2278) strains were grown in SD medium with limiting calcium (100 mM
CaCl2) at 30°C to an A600 of approximately 0.6. a-Factor (8 mg/ml) was added to the cultures, and samples were tested for viability at the indicated
times by plating onto YEPD. Plates were scored after 2 days at room temperature. The results shown are the mean and standard deviation from
three independent experiments.
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and possesses the nucleotide exchange activity of this protein
(35). Therefore, it seems likely that Rom2 (and probably Rom1)
can interact simultaneously with a sensor and with Rho1.

The results of in vitro guanine nucleotide exchange experi-
ments indicate that the function of the interaction between the
sensors and Rom2 is to stimulate nucleotide exchange on
Rho1. Specifically, we found that extract from a wsc1D mid2D
mutant was severely impaired in its ability to catalyze loading
of GTPgS onto Rho1, retaining only about 30% of the wild-
type level of activity. The residual activity may be due to the
presence of the minor sensors Wsc2 and Wsc3 in these ex-
tracts.

There are other examples in which regulation of a small
G-protein is mediated by its GEF. The best studied of these is
the mammalian Ras GEF known as mSos1 (39), which is re-
cruited to the plasma membrane by an adapter protein (Grb2)
in response to receptor activation. In this way, it is thought that
mSos1 is targeted to its effector Ras, which resides at the
membrane. The neuronal Ras-GEF p140 Ras-GRF is acti-
vated in response to elevated calcium levels through its N-
terminal domain (1). This involves association with membranes
and as-yet-unidentified cellular components that are required
for calcium-induced activation. In yeast, activation of the Rho-
type GTPase Cdc42 in response to pheromone treatment is
mediated by the Cdc24 GEF (49). This stimulation requires an
interaction between Cdc24 and the bg subunit of the trimeric
G-protein regulated by the pheromone receptors. Finally, the
N-terminal domain of the yeast Ras-GEF Cdc25 may promote
homodimerization as a means of regulating its activity (2). Our
finding that Rom2 activation requires Wsc1 or Mid2 suggests
that this GEF may be regulated by direct interaction with a
transmembrane receptor. Alternatively, an unknown adapter
protein may mediate this interaction.

O mannosylation of the extracellular domain of Mid2 is
catalyzed specifically by Pmt2 and is important for signaling.
We identified a recessive point mutation in the PMT2 gene
(pmt2-1) in a genetic screen for defect additivity with a wsc1D
mutation. PMT2 is a member of a six-gene family that encodes
protein mannosyl transferases (45). These enzymes catalyze
the addition of the first of several mannosyl residues to the

side-chain hydroxyl groups of seryl and threonyl residues in
target proteins. The Pmts reside in the endoplasmic reticulum
and possess seven membrane-spanning domains (45). The
Asp92 residue of Pmt2 that was mutated in pmt2-1 resides in a
loop between membrane domains 1 and 2, which is located on
the lumenal face of the endoplasmic reticulum, which appears
to be important for dimer formation (8a).

We and others have shown that Wsc1 and Mid2 are O
mannosylated (21, 30, 40). Although loss of PMT2 function
alone results in no apparent phenotypic defect (45), our finding
that a pmt2 mutation exacerbates the cell lysis defect of a
wsc1D mutation suggested that it might be critical for Mid2
modification. Analysis of the Mid2 protein in a pmt2D strain
revealed that the protein mannosyl transferase encoded by
PMT2 was indeed specifically required for Mid2 modification.
Normal modification of Mid2 was observed in other pmtD
mutants. In contrast, Wsc1 was modified normally in a pmt2D
mutant. In fact, single deletion mutants in PMT1-6 all modified
Wsc1 normally (B. Philip, unpublished data), suggesting re-
dundancy in function with regard to this target.

Pmt1 and Pmt2 have been isolated together in complex and
are thought to act as a heterodimer (45). However, our results
indicate that Pmt2 can function normally in the absence of
Pmt1, at least for modification of Mid2. Members of the Pmt
family may form homodimers as well as heterodimers as a
mechanism to enhance combinatorial substrate selectivity.
Mid2 is the first example of a protein that is modified specif-
ically by Pmt2 (45).

Three lines of evidence establish the importance of O man-
nosylation in Mid2 function. First, the additive cell lysis defect
of a pmt2 mutation with a wsc1D mutation (but not with a
mid2D mutation) suggested that unmodified Mid2 is impaired
for signaling during vegetative growth. Second, a direct mea-
sure of Mid2 function is its ability to signal to the Mpk1 MAPK
in response to pheromone-induced morphogenesis (40). We
found that this signaling was deficient, but not completely
defective in a pmt2D mutant. Third, Mid2 function is required
for survival of cells treated with mating pheromone (12). We
found that a pmt2D strain was sensitive to pheromone-induced
death; however, it was not as sensitive as a mid2D strain. Thus,

FIG. 7. A model for the function of Wsc1 and Mid2 in the transmission of cell wall stress signals to Rho1. ER, endoplasmic reticulum.
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unmodified Mid2 was deficient for function by all known cri-
teria.

The extracellular domains of both Wsc1 and Mid2 are very
rich in seryl and threonyl residues. It is these domains that are
O mannosylated (30, 40). In yeast, this modification consists of
several (four or five) mannosyl residues in a-1,2 and a-1,3
linkages (45). When many such modifications are present in a
stretch of seryl/threonyl residues, as appears to be the case for
both Wsc1 and Mid2, they induce the polypeptide to adopt a
stiff and extended conformation (17). We have proposed pre-
viously (40) that these cell surface proteins may function as
molecular probes that span the periplasmic space to interact
directly with the cell wall. The importance of O mannosylation
for Mid2 function is consistent with this model.

Protein O mannosylation has been implicated previously in
the maintenance of yeast cell wall integrity, but the nature of
its involvement has been unclear. Many integral cell wall pro-
teins are O mannosylated, and pmt2D pmt3D and pmt2D pmt4D
mutants display osmotic-remedial cell lysis defects (45). Addi-
tionally, certain triple pmtD mutants (i.e., pmt1, -2, and -4D and
pmt2, -3, and -4D) are inviable, but not rescued by osmolytes,
suggesting severe cell wall defects. Our demonstration of the
importance of O mannosylation for Mid2 function indicates a
critical role for this modification in the transmission of cell wall
stress signals and explains, at least in part, the involvement of
the Pmts in the maintenance of cell wall integrity.

Figure 7 incorporates the observations made in this study
into a model for Mid2 and Wsc1 function. When these sensors
are activated by cell wall perturbations, perhaps by direct con-
tact with the cell wall, they stimulate Rom2 (and presum-
ably Rom1) activity towards Rho1. This promotes exchange of
GDP for GTP, thereby activating Rho1 for signal transmission
through Pkc1. The mechanism by which Mid2 and Wsc1 trans-
mit wall perturbation signals to Rom1 and -2 remains obscure.
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