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Filamentous growth is a microbial differentiation response that involves the concerted action of multiple signaling pathways. In
budding yeast, one pathway that regulates filamentous growth is a Cdc42p-dependent mitogen-activated protein kinase (MAPK)
pathway. Several transmembrane (TM) proteins regulate the filamentous growth pathway, including the signaling mucin
Msb2p, the tetraspan osmosensor Sho1p, and an adaptor Opy2p. The TM proteins were compared to identify common and
unique features. Msb2p, Sho1p, and Opy2p associated by coimmunoprecipitation analysis but showed predominantly different
localization patterns. The different localization patterns of the proteins resulted in part from different rates of turnover from the
plasma membrane (PM). In particular, Msb2p (and Opy2p) were turned over rapidly compared to Sho1p. Msb2p signaled from
the PM, and its turnover was a rate-limiting step in MAPK signaling. Genetic analysis identified unique phenotypes of cells over-
expressing the TM proteins. Therefore, each TM regulator of the filamentous growth pathway has its own regulatory pattern and
specific function in regulating filamentous growth. This specialization may be important for fine-tuning and potentially diversi-
fying the filamentation response.

Many fungal species undergo a growth response called fila-
mentous growth, also referred to as invasive or pseudohy-

phal growth (1, 2). In some fungal pathogens, filamentous growth
is required for virulence (3, 4). For example, Candida albicans is an
opportunistic human pathogen that invades host tissues in the
hyphal form (5). The budding yeast, Saccharomyces cerevisiae, dif-
ferentiates from the yeast form to the filamentous form when
environmental nutrients are limiting (6). Cells undergoing fila-
mentous growth are composed of branched filaments of elongated
and connected cells. This phenotype results from the reorgani-
zation of cell polarity, a delay in the G2 phase of the cell cycle,
and changes in the expression of cell-surface adhesion mole-
cules (7–9).

Filamentous growth in yeast involves the concerted effort of
multiple signal transduction pathways (10). Among the pathways
that control filamentous growth are the RAS/cyclic AMP/protein
kinase A pathway (11, 12), the target of rapamycin pathway (13),
and a Cdc42p-dependent mitogen-activated protein kinase
(MAPK) pathway, commonly referred to as the filamentous
growth pathway (14, 15). The polarity establishment Rho (Ras
homology) GTPase Cdc42p is a global regulator of cell polarity
and signaling (16, 17) that regulates the filamentous growth path-
way (18, 19). Cdc42p and its major activator, the guanine nucle-
otide exchange factor (GEF) Cdc24p are regulated in the filamen-
tous growth pathway by the scaffold-type adaptor Bem4p (20).
The active, GTP-bound conformation of Cdc42p associates with
the p21-activated kinase (PAK) Ste20p (18, 19) to activate a ca-
nonical MAPK cascade (Ste11p-Ste7p-Kss1p [21]) that culmi-
nates in the phosphorylation/activation of transcription factors
(Ste12p and Tec1p; including two newly identified factors Msa1p
and Msa2p [22, 23]) which induce target genes that function to
produce the filamentous cell type (24, 25).

Three transmembrane (TM) proteins regulate the filamentous
growth pathway (Msb2p, Sho1p, and Opy2p). Msb2p and Opy2p
are type I TM proteins, whereas Sho1p has four TM domains.

Msb2p is a member of the signaling mucin family of proteins (26,
27). Proteolytic processing in the glycosylated extracellular do-
main of Msb2p results in the release of an inhibitory glycodomain.
This posttranslational modification is required for activation of
the filamentous growth pathway (28). Underglycosylation of
Msb2p’s extracellular domain leads to elevated proteolytic pro-
cessing by a mechanism that involves the unfolded protein re-
sponse (29).

Sho1p also regulates the filamentous growth pathway (30, 31).
Sho1p associates with Msb2p (30) and the GEF for Cdc42p,
Cdc24p (28, 32). Opy2p also regulates the filamentous growth
pathway (33–35). Opy2p interacts with an adaptor protein, called
Ste50p, whose main function is to regulate the MAPKKK Ste11p
(33, 34, 36–38). It is generally thought that Opy2p regulates the
plasma membrane (PM) recruitment of Ste11p, thereby facilitat-
ing its activation by upstream regulators.

Many of the proteins that regulate the filamentous growth
pathway also regulate other MAPK pathways in the same cell. For
example, Msb2p (39, 40), Sho1p (41–44), and Opy2p (45, 46) also
regulate the Ste11p branch of the high-osmolarity glycerol re-
sponse (HOG) MAPK pathway. The HOG pathway is an osmo-
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sensing pathway that is composed of a Ste11p branch and a Sln1p-
Ssk1p branch, which converge on the MAPKK Pbs2p and MAPK
Hog1p. Although it is generally unclear how the same sensors
regulate different pathways, it has been shown that a second sig-
naling mucin, Hkr1p, regulates the HOG pathway (39) but not the
filamentous growth pathway (47). Thus, it may be that the two
signaling mucins primarily regulate different MAPK pathways. In
a recent study, the interactions between the TM regulators of the
HOG pathway were explored. Sho1p was found to function as an
osmosensor by dynamically associating with Ste50p and with
Hkr1p and Opy2p (44). Sho1p can oligomerize (48). Saito and
coworkers showed that Sho1p forms oligomers of the dimers-of-
trimers architecture. Osmolarity induces changes in this architec-
ture, which leads to changes in Sho1p’s interaction with Ste50p
and HOG pathway activation through Hkr1p and Opy2p (44).

Studies of Sho1p and other regulators of the HOG pathway
provoke questions about how the filamentous growth pathway
might be regulated. Do Msb2p, Sho1p, and Opy2p function in a
protein complex? Are the proteins coregulated in their delivery to
the PM or turnover? Does each TM protein carry out the same
function or do they have unique functions in regulating the fila-
mentation response? These questions are generally interesting be-
cause many signal transduction pathways, like the protein kinase

C (PKC) (49, 50) and HOG pathways (46) in yeast and the epider-
mal growth factor receptor pathway in humans (51, 52), are reg-
ulated by multiple TM proteins. We examine here several regula-
tory and functional aspects of the proteins. We show that each
protein has a unique cellular localization pattern and a unique rate
of turnover. In addition, each protein has a unique phenotype
when overexpressed. We suggest that the unique regulatory fea-
tures that control each protein are important for proper activation
of the filamentous growth pathway.

MATERIALS AND METHODS
Microbiological techniques. Yeast and bacterial strains were manipu-
lated by standard methods (53, 54). Yeast strains were grown in YEP
media supplemented with 2% glucose (GLU [D]) or 2% galactose (GAL).
All experiments were carried out at 30°C unless otherwise indicated. The
mating-specific reporter FUS1 was also used (55), which in cells lacking an
intact mating pathway (ste4�), exhibits Msb2p- and filamentous growth/
pathway-dependent expression (30). FUS1-HIS3 expression was used to
confirm results and was measured by spotting equal amounts of cells onto
synthetic medium lacking histidine. The single cell invasive growth assay
(56) and the plate-washing assay (14) were performed to evaluate filamen-
tous growth.

Strains and plasmids. Yeast strains are described in Table 1. Overex-
pression constructs were obtained from an ordered collection obtained

TABLE 1 Yeast strains used in the study

Straina Genotypeb Source or reference

PC538 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 30
PC539 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 ste12::KlURA3 30
PC622 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 PGAL-SHO1::KanMX6 30
PC948 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 msb2::KanMX6 30
PC965 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 msb2::KanMX6 sho1::KlURA3 30
PC1083 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 MSB2-HA PGAL-MSB2::KanMX6 30
PC1508 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 PGAL-ALY1::KanMX6 This study
PC1531 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 sho1::HYG 30
PC1549 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 SHO1-YFP::KanMX6 This study
PC1658 NY13 MATa ura3-52* 120
PC1664 NY412 MATa ura3-52 sec3-2* 120
PC1702 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 SHO1-HA::KanMX6 30
PC2084 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 MSB2-MYC::KanMX6 This study
PC2094 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 MSB2-GFP::KanMX6 30
PC2680 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 This study
PC2622 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 snf8::HYG 91
PC3691 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 MSB2-HA rim101::NAT This study
PC3752 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 opy2::KlURA3 35
PC4848 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 pGAL-OPY2::KanMX6 35
PC5596 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 pGAL-OPY2- mCHERRY::KanMX6 This study
PC5710 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 MSB2 mCHERRY::KanMX6 This study
PC5822 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 vps27::KlURA3 91
PC5824 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 rim101-531::KlURA3 This study
PC5828 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 rim101-531::KlURA3 snf8::HYG This study
PC5831 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 vps35::KlURA3 91
PC5836 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 MSB2-GFP at 1222 residues deleting 1223-1306::KanMX6 This study
PC5838 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 MSB2-GFP at 1238 residues deleting 1239-1306::KanMX6 This study
PC5850 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 MSB2-HA at 500 residues K1223R K1239R K1245R-GFP::KanMX6::KlURA3 29
PC5983 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 msb2::KanMX6 opy2::NAT This study
PC5984 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 sho1::HYG opy2::NAT This study
PC6016c MATa can1�::Ste2pr-spHIS5 lyp1�::Ste3pr-LEU2 his3::hisG leu2�0 ura3�0 121
PC6319 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 msb2::KlURA3 opy2::NAT sho1::HYG This study
a All strains are in the �1278b background unless otherwise indicated.
b KLURA3 refers to the Kluyveromyces lactis URA3 cassette. *, W303 background.
c �1278b ordered deletion collection control strain MATa can1�::Ste2pr-spHIS5lyp1�::Ste3pr-LEU2 his3::hisG leu2�0 ura3�. Mutants from C. Boone �1278b MATa deletion
collection were used in the study.
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from Open Biosystems (57). Gene disruptions and GAL1 promoter fu-
sions were made by PCR-based methods (58, 59) using plasmids provided
by John Pringle (Stanford University). Some disruptions were created by
the use of antibiotic resistant markers on cassettes HYG and NAT (60).
Internal epitope fusions were created as described previously (61) using
plasmids containing the 3�MYC and 3�HA epitopes. Integrations were
confirmed by PCR analysis and phenotype.

Plasmid pRS316-SHO1-GFP (PC1601) was provided by Alan David-
son (University of Toronto) (62). Plasmid pGAL-SHO1D16H-GFP::
KanMX6 was created by homologous recombination of the pGAL pro-
moter into a strain containing pSHO1D16H-GFP, also provided by the
Davidson lab. Plasmid pGAL-SHO1D16H-GFP KanMX6::NAT was cre-
ated by homologous recombination of the NAT cassette in a strain har-
boring pGAL-SHO1D16H-GFP::KanMX6. pRS316 SHO1D16H-HA::
KanMX6 URA3 (PC2432), pRS316 SHO1D16H P120L-HA::KanMX6, and
pRS316 SHO1D16H S220F-HA::KanMX6 were made by homologous re-
combination-mediated replacement of the green fluorescent protein
(GFP) epitope with the hemagglutinin (HA) epitope. pFLARE (fluores-
cent lipid-associated reporter) was provided by the Emr lab and contains
the PH domain of PLC-�. pFLARE was used as a control to detect
PI(4,5)P2 at the PM (63).

ALY1 was identified in a genetic screen using an inducible plasmid
library (�YES library [64]) Plasmids were transformed into a wild-type
strain (PC538), and �10,000 colonies were examined by replica plating
from S-GAL-URA medium to S-GAL-URA-HIS medium to identify
those that failed to express the FUS1-HIS3 reporter and did not grow. The
ALY1 gene was identified by DNA sequencing, and its phenotype was
confirmed by construction of pGAL1-ALY1 in the genome.

Protein localization. Cyan fluorescent protein (CFP) and yellow fluo-
rescent protein (YFP) variants of green fluorescent protein (GFP) were
obtained from the yeast resource center (http://depts.washington.edu
/yeastrc/), and fusion proteins were created by homologous recombina-
tion as described previously (65). Experiments that involved the hydro-
philic dye FM4-64 were performed as described previously (66). Cells
were grown to saturation in selective medium to maintain plasmids har-
boring fusion proteins. Cells were harvested by centrifugation and resus-
pended in YEPD medium for 4.5 h. FM4-64 was added to cells, and after
0.5 h of incubation at 30°C, cells were harvested, washed three times in
water, and visualized by fluorescence microscopy at �100.

Protein turnover. Analysis of protein turnover was determined in two
ways. A pGAL-promoter shutoff experiment was performed as described
previously (29). Cells were grown in YEP-GAL media for 4 h and trans-
ferred to YEPD media for the indicated time points. For the cyclohexi-
mide chase experiments cells were grown in YEP-GAL media for 4.5 h and
treated with 25 �g of cycloheximide/ml for the indicated time points.

Immunological techniques. Immunoblots were performed as de-
scribed previously (28). Proteins were separated by SDS-PAGE on 10%
gels (Bio-Rad, Hercules, CA) and transferred to nitrocellulose mem-
branes (Protran BA85; VWR International, Inc., Bridgeport, NJ). Mem-
branes were incubated in blocking buffer (5% nonfat dry milk, 10 mM
Tris-HCl [pH 8], 150 mM NaCl, 0.05% Tween 20) for 1 h at 25°C. ECL-
Plus immunoblotting reagents were used to detect secondary antibodies
(Amersham Biosciences, Piscataway, NJ). Nitrocellulose membranes
were incubated for 18 h at 4°C in blocking buffer containing a mouse
monoclonal antibody against HA (12CA5; Roche Diagnostics) or a mouse
monoclonal IgG antibody against GFP (Roche Diagnostics). Phosphory-
lated Kss1p was detected as described previously (67).

Co-IP analysis. Coimmunoprecipitation (co-IP) analysis was per-
formed as described previously (68). To assess the interaction between
Msb2p and Opy2p, wild-type (untagged [PC538]) and Msb2p-MYC
(PC2084) strains expressing pOpy2p-GFP were grown for 16 h in SD-
URA medium and subcultured in YEPD medium for 6 h. For the co-IPs,
the expression of proteins was driven by their endogenous promoters. Cell
lysates were immunoprecipitated with anti-GFP monoclonal antibodies
(Rockland Scientific International, goat anti-GFP 600-101-215 antibody)

and examined by immunoblot analysis using anti-GFP (mouse anti-GFP
[Roche Diagnostics], clones 7.1 and 13.1, catalog no. 11814460001) and
anti-MYC antibodies (Delta Biolabs, catalog no. DB098). To assess the
interaction between Sho1p and Opy2p, wild-type (PC538) and Sho1p-HA
(PC1702) strains expressing pOpy2p-GFP were grown for 16 h in SD-
URA and subcultured in YEPD medium for 6 h. Cell lysates were immu-
noprecipitated with polyclonal HA antibodies and examined by immu-
noblot analysis with anti-HA monoclonal antibodies and anti-GFP
monoclonal antibodies described above. Cells grown to mid-log phase in
YEPD were frozen as cell pellets at 	80°C. For each co-IP, the cells were
thawed in 1� phosphate-buffered saline (PBS) and immunoprecipitation
buffer (50 mM Tris [pH 8.0], 1 mM EDTA, 50 mM NaCl, 3% NP-40, 1
mM phenylmethylsulfonyl fluoride, 1� protease inhibitor cocktail
[Roche, catalog no. 11836170001]), lysed using Fast Prep (FP120; Thermo
Electronic Incorporation) three times for 32 s each time at a speed of 6.5
ms, and centrifuged at 13,000 rpm for 10 min. The cell lysate was pre-
cleared with protein G-beads (Thermo Scientific, catalog no. 20398) for
30 min at 4°C by end-over-end rotation. Precleared lysates were centri-
fuged at 13,000 rpm for 10 min. The supernatants were incubated with
antibodies for 2 h at 4°C. Washed protein G-beads were added, followed
by incubation for 2.5 h at 4°C by end-over-end rotation. The beads were
washed four times with 1 ml of immunoprecipitation buffer. Then, 2�
SDS-PAGE buffer containing 2% 
-mercaptoethanol was added, and the
extracts were boiled with intermittent vortexing. Proteins were separated
by SDS-PAGE for immunoblot analysis.

Protein localization and microscopy. The localization of Msb2p was
examined using plasmids pGFP-Msb2p and pHA-Msb2p-GFP. For other
experiments, a strain containing a genomic copy of Opy2p-mCherry and
pMsb2p-GFP was used. Strains with genomic copies of Msb2p-mCherry
and Opy2p-mCherry under the control of their native promoters harbor-
ing a pSho1p-GFP were used for colocalization studies. To assess the
interdependence of localization patterns, wild type, msb2� sho1�, msb2�
opy2�, and sho1� opy2� cells expressing pOpy2p-GFP, pSho1p-GFP and
pHA-Msb2p-GFP were examined. Wild-type cells were used as a refer-
ence strain. Wild-type and sec3-2 cells harboring pSho1p-GFP and
pOpy2p-GFP were examined by fluorescence microscopy. For localiza-
tion experiments involving the sec3-2 mutant, cells were grown in SD-
URA for 16 h at 30°C, shifted to 37°C for 4 h, and examined on a stage
heated to 37°C.

Differential interference contrast and fluorescence microscopy using
rhodamine, fluorescein isothiocyanate, YFP, and CFP filter sets were per-
formed using an Axioplan 2 fluorescence microscope (Zeiss) with a Plan-
Apochromat �100/1.4 (oil) objective (NA 0.17). Digital images were ob-
tained with the Axiocam MRm camera (Zeiss). Axiovision 4.4 software
(Zeiss) was used for image acquisition and analysis and for rendering 3D
Z-stack images. Images were further analyzed in Adobe Photoshop, where
adjustments of brightness and contrast were made.

RESULTS
Msb2p, Sho1p, and Opy2p interact and regulate the filamentous
growth pathway. Three TM proteins (Msb2p, Sho1p, and Opy2p)
regulate the filamentous growth pathway (Fig. 1A). Msb2p has
previously been shown to interact with Sho1p (30). In addition,
the processed form of Msb2p, called Msb2Pp, and Sho1p associate
(28, 39). The interaction between Msb2p and Sho1p is required to
induce a downstream signal (39). Opy2p also regulates the fila-
mentous growth pathway (33, 34, 36, 38, 69), but whether Opy2p
associates with Msb2p or Sho1p has not been examined in the
context of the filamentous growth pathway. Opy2p is glycosylated
and migrates as multiple bands by SDS-PAGE analysis (34). Co-IP
analysis showed that Opy2p-GFP, which migrates at 65 kDa and at
75 and 100 kDa, interacted with Msb2Pp-Myc (Fig. 1B, left panel).
Msb2Pp-Myc migrates at 45 kDa and as a larger form at �75 kDa.
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Opy2p-GFP also associated with Sho1p-HA (Fig. 1B, right panel).
Thus, Msb2p, Sho1p, and Opy2p associate with each other.

To assess the roles the TM proteins play in regulating the fila-
mentous growth pathway, double and triple mutant combina-
tions were tested. The activity of the filamentous growth pathway
was assessed by phosphorylation of the MAPK Kss1p (P�Kss1p).
We compared the msb2�, sho1�, and opy2� single mutants, the
msb2� sho1�, sho1� opy2�, and msb2� opy2� double mutants,
and the msb2� sho1� opy2� triple mutant. Strains were grown in
the nonpreferred carbon source galactose, which activates the fil-
amentous growth pathway (35) and promotes filamentous growth
(56). As previously reported (30, 35), each single mutant showed a
defect in P�Kss1p levels (Fig. 1C). The msb2� and sho1� mutants
showed a less severe defect than the opy2� mutant. The msb2�
sho1� double mutant showed a more severe defect than either
single mutant. Other double-mutant combinations and the
msb2� sho1� opy2� triple mutant showed a full reduction in

P�Kss1p levels. Similar results were observed by the plate-wash-
ing assay that measures invasive growth (Fig. 1D). These results
indicate that Msb2p and Sho1p together contribute to Opy2p-
dependent activation of the filamentous growth pathway. This
idea is consistent with the prevailing view from our lab (70) and
supports the interpretation of Msb2p and Sho1p function in the
HOG pathway (39).

Msb2p, Sho1p, and Opy2p have different localization pat-
terns. The fact that Msb2p, Sho1p, and Opy2p interact suggests
that the proteins may be coregulated. The localization patterns of
the three proteins were compared. The localization of Msb2p,
Sho1p, and Opy2p has been examined. Each protein is localized at
the PM (28, 30, 37, 39, 41, 42). However, differences in the local-
ization patterns of the proteins have also been reported. For ex-
ample, Sho1p is mainly found in buds (41, 42, 47), whereas Msb2p
is mainly found in the vacuole (28, 29). To better address this
question, colocalization experiments were performed. C-terminal

FIG 1 TM regulators of the filamentous growth pathway interact and regulate the filamentous growth pathway. (A) Schematic representation of the pathway
components (transmembrane and cytosolic) of the filamentous growth pathway. (B) Co-IP analysis. Left, Msb2Pp-MYC and Opy2p-GFP associate by co-IP
analysis. Right, Sho1p-HA and Opy2p-GFP associate by co-IP analysis. FL refers to full-length Opy2p, asterisks refer to presumptive glycosylated versions of the
protein, as reported previously (34). (C) Phosphorylated Kss1p levels in th msb2�, sho1�, and opy2�e single mutants and the indicated double and triple mutant
combinations in YEP-GAL media. (D) Plate-washing assay showing agar invasion of the indicated strains. Plates were incubated for 48 h, photographed, washed
in a stream of water, and photographed again.
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fusions to the proteins were functional based on P�Kss1p analysis
(Fig. 2A). Colocalization experiments showed that Msb2p-
mCherry was mainly present in the vacuole (Fig. 2B), whereas
Sho1p-GFP was mainly at the PM and membranes surrounding
internal compartments. Opy2p-mCherry and Msb2p-GFP colo-
calized in the vacuole. However, Opy2p-mCherry was also de-
tected at the PM. The localization of Msb2p and Opy2p in the
lumen of the vacuole, and Sho1p, which can also be seen in
the vacuole to various degrees, probably represents build up of the
cleaved form of GFP (see Fig. S1 in the supplemental material).
Therefore, Msb2p, Sho1p, and Opy2p show overlapping and non-
overlapping localization patterns.

Proteins that interact in a complex can influence the local-
ization and stability of other members of the complex. The
interdependency of TM regulators of the filamentous growth
pathway was examined. Msb2p-GFP was not mislocalized in
the sho1� opy2� double mutant (Fig. 2C). Sho1p-GFP was not
mislocalized in the msb2� opy2� double mutant, and Opy2p-

GFP was not mislocalized in the msb2� sho1� double mutant.
Therefore, the localization patterns of the TM regulators do
not show interdependency. Steady-state protein levels were
also compared. Immunoblot analysis showed that the level of
Sho1p-GFP (in mid-log-phase cells) was not reduced in cells
lacking Msb2p and Opy2p (Fig. 2D). However, the level of
Msb2p-GFP was reduced in cells lacking Sho1p and Opy2p.
This might be due to positive feedback, because expression of
the MSB2 gene is regulated by the filamentous growth pathway,
specifically by the transcription factor Ste12p (30). In line with
this possibility, the level of Msb2Pp-GFP, but not Sho1p-GFP
or Opy2p-GFP, was reduced in cells lacking the transcription
factor Ste12p (Fig. 2D). The level of Opy2p-GFP was not re-
duced in cells lacking Sho1p and Msb2p. In fact, a minor in-
crease in Opy2p levels was seen in some mutants, but this phe-
notype was not explored further. Therefore, although the TM
regulators of the filamentous growth pathway associate, each

FIG 2 The localization and steady-state levels of TM proteins that regulate the filamentous growth pathway. (A) The Msb2p-, Sho1p-, and Opy2p-GFP fusion
proteins are functional based on P�Kss1p analysis. (B) Colocalization of TM regulators. Cells containing the indicated fusion proteins were grown in YEPD
medium for 6 h and examined by fluorescence microscopy at �100. Scale bar, 5 �m. (C) Localization of Msb2p, Sho1p, and Opy2p in the indicated mutants. Bar,
5 �m. (D) Steady-state protein levels of Msb2p, Sho1p, and Opy2p in the indicated mutants. Msb2Pp is a different size (55 kDa) than Fig. 1B because different
epitope tags were used.
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protein has a unique localization pattern that is independent of
the other TM regulators of the pathway.

Msb2p, Sho1p, and Opy2p have different rates of turnover
from the PM. The different localization patterns of the TM pro-
teins may result from differences in turnover from the PM. The
turnover of Sho1p, Msb2Pp, and Opy2p was assessed by two meth-
ods. In one approach, functional GFP-tagged versions of the pro-
teins were expressed under the control of the galactose-inducible
GAL1 promoter, and protein levels were examined at times after

promoter shut off, by shifting cells to glucose-rich medium. This
experiment showed that Msb2Pp-GFP was rapidly turned over, a
finding consistent with a previous report (29) (Fig. 3A, top panel).
The turnover of another Msb2p fusion protein (Msb2p-MYC)
showed an equivalent turnover rate (see Fig. S2A in the supple-
mental material). In comparison, Sho1p was turned over more
slowly (Fig. 3A, middle panel). Opy2p was turned over at an in-
termediate rate (Fig. 3A, bottom panel). The actual turnover rates
might be different than indicated because they do not account for

FIG 3 Turnover of the Msb2p, Sho1p, and Opy2p proteins. (A) Proteins driven by the pGAL1 promoter were examined at the indicated time points after shift
to YEPD medium. Pgk1p, loading control for total protein levels. (B) Determination of GFP fluorescence (%) of Msb2p-GFP, Sho1p-GFP, and Opy2p-GFP at
the plasma membrane by pGAL1 promoter shutoff at the indicated time points. (C) Determination of protein levels of Msb2p-GFP, Sho1p-GFP, and Opy2p-GFP
in YEP-GAL media after treatment with cycloheximide for the indicated time points. (D) Phosphorylated Kss1p levels in YEP-GAL media after treatment with
cycloheximide for the indicated time points.
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the translation, trafficking, and PM delivery that occurs after pro-
moter shutoff. To take this into account, the protein synthesis
inhibitor cycloheximide (71) was also used to measure protein
stability. Cycloheximide-chase experiments gave similar results
(Fig. 3C). Based on the cycloheximide experiment, the half-life of
Msb2Pp was �30 min, while that for Opy2p was �30 min, and
that for Sho1p was�100 min.

The different turnover rates of the TM proteins might account
for their different localization patterns (Fig. 2B). To test this pos-
sibility, protein localization at the PM was assessed by fluores-
cence microscopy following promoter shutoff. Msb2p-GFP was
cleared from the PM slightly faster than Opy2p-GFP (Fig. 3B).
Both proteins were cleared from the PM more rapidly than Sho1p.
Thus, the different turnover rates of the proteins from the PM can
explain to some degree their different localization patterns.

The turnover of Msb2p might be impacted by endocytosis of
the protein from the PM. The turnover of Msb2p was delayed in
end3� and end5� mutants, based on immunoblot data (see Fig.
S2B in the supplemental material) and localization of Msb2p-GFP
in these mutants (see Fig. S2C in the supplemental material). The
turnover of Msb2p was not severely impacted in the sla1� mutant,
which regulates turnover of Wsc1p by its NFPXD motif (72).
Msb2p, Sho1p, and Opy2p do not have an NFPXD motif; thus,
their endocytosis occurs by a different mechanism.

The turnover of Msb2Pp from the PM might be a rate-limiting
step in the attenuation of MAPK signaling. As shown above,
Msb2Pp is turned over more rapidly than Sho1p or Opy2p. More-
over, a version of Msb2p with mutations in its turnover domain,
Msb2p3KR, shows elevated MAPK activity (see Fig. S2E in the sup-
plemental material) (29). Msb2p3KR was more stable than wild-
type Msb2p after cycloheximide treatment (see Fig. S2D in the
supplemental material). Likewise, a version of Msb2p lacking the
turnover domain showed PM localization (29) (see Fig. S2E,
1-1222, in the supplemental material). Another way to test this
possibility is to assess the activity of the filamentous growth path-
way after treatment with cycloheximide. The activity of the fila-
mentous growth pathway was reduced within 30 min of treatment
with cycloheximide (Fig. 3D), which corresponded to the turn-
over rate of Msb2Pp (Fig. 3C). In comparison, the level of the
Kss1p protein itself was not reduced. Multiple proteins regulate
the filamentous growth pathway (Cdc24p, Cdc42p, Bem4p,
Ste20p, Ste11p, Ste50p, Ste7p, Ste12p, and Tec1p). Turnover of
any one of these proteins might be rate limiting, and we have not
explored this possibility further. However, from the perspective of
the TM proteins, turnover of Msb2Pp may be the rate-limiting
step in attenuation of the filamentous growth pathway.

Differential turnover of Msb2p, Opy2p, and Sho1p by
ESCRT (endosomal sorting complex required for transport).
Many receptors are internalized by endocytosis and delivered by
vesicular trafficking to the lysosome/vacuole, where they are de-
graded by proteases (73–75). In yeast, the vacuolar protease Pep4p
functions to degrade proteins that are delivered to the vacuole
(76). In the pep4� mutant, the levels of Msb2Pp-GFP, Opy2p-
GFP, and Sho1p-GFP were present at elevated levels (see Fig. S1 in
the supplemental material). Therefore, the proteins are delivered
to and turned over in the vacuole.

Proteins are delivered to the vacuole for turnover in the late
endosome. The ESCRT complex is responsible for delivery of pro-
teins from the endosome to the vacuole (77, 78). In ESCRT mu-
tants, proteins destined for the vacuole/lysosome accumulate in

the late endosome, also referred to as the multivesicular body
(MVB [79, 80]). As expected from previous work (29), Msb2p-
GFP accumulated in the MVB in ESCRT mutants, including the
snf8� mutant (see Fig. S3A in the supplemental material) and
other ESCRT mutants (see Fig. S3B). Opy2p showed a similar
pattern (see Fig. S3A in the supplemental material). By compari-
son, Sho1p did not localize to the MVB (see Fig. S3A). To better
resolve these patterns, cells were stained with the lipophilic dye
FM4-64 (81). Msb2p-GFP and FM4-64 showed colocalization in
the MVB in the snf8� mutant (Fig. 4A), whereas Sho1p-GFP lo-
calized to the PM. In fact, in the snf8� mutant, Sho1p-GFP could
be detected in some cells (�5%) at multiple sites (Fig. 4A, arrows).
Therefore, based on the localization data, Msb2p and Sho1p are
delivered to the vacuole in different ways.

The turnover of some receptors is facilitated by ligand binding
(82–86). A pool of inactive Sho1p may reside at the PM that, when
activated, leads to elevated turnover. To test this possibility, a hy-
peractive allele of Sho1p, Sho1pP120L (28, 39), was examined.
Sho1pP120L localized to internal compartments (Fig. 4, A and C).
Steady-state Sho1pP120L protein levels were lower than wild-type
Sho1p (Fig. 4B). We had previously reported that a version of
Sho1p lacking its SH3 domain was localized to the PM (47) (Fig.
4C). However, cycloheximide experiments showed that
Sho1pP120L protein was turned over at the same rate as that of the
wild type (see Fig. S3C in the supplemental material). Thus,
Sho1pP120L may be sequestered in an internal compartment rather
than turned over at an elevated level. We also found that wild-type
Sho1p-GFP showed an altered banding during growth in galactose
(see Fig. S4 in the supplemental material), a stimulus that activates
the filamentous growth pathway (35). Because Sho1p showed this
pattern in an msb2� opy2� mutant (see Fig. S4 in the supplemen-
tal material), it may be an Msb2p and Opy2p-independent mod-
ification.

Msb2p shows normal filamentous growth pathway activity
in ESCRT mutants. Some receptors that are turned over from the
PM continue to signal from endosomes (87). Addressing this
question for Msb2p is complicated because mutants in the ESCRT
pathway (ESCRT-I, -II, and -III complexes) also impair the
Rim101 pathway, which regulates the filamentous growth path-
way (88). This connection between ESCRT and Rim101 extends to
other fungal species (Fig. 5A) (89, 90). To dissect the different
roles of Rim101 and ESCRT in impacting the filamentous growth
pathway, mutants were examined that were compromised for
Rim101 (rim101�), ESCRT (vps27�), or both (snf8�). The plate-
washing assay showed that the rim101� and snf8� mutants were
defective for invasive growth, whereas the vps27� mutant was not
(Fig. 5B, washed). This indicates that the Rim101 pathway (but not
ESCRT) impacts the activity of the filamentous growth pathway.
Likewise, the snf8� and rim101� mutants (but not the vps27� mu-
tant) were defective for MAPK signaling based on the activity of the
FUS1-HIS3 growth reporter (Fig. 5B, SD-HIS), which in �1278b
ste4� strains provides a readout of the filamentous growth pathway
(91). Msb2p-GFP localized to the MVB in the vps27� and snf8� mu-
tants but not the rim101� or ste12� mutants (Fig. 5C). Therefore,
trapping Msb2p in the MVB in ESCRT mutants does not impact
MAPK signaling. The vps27� mutant showed a minor defect in inva-
sive growth by the plate-washing assay and a morphological defect by
the single cell assay, which may reflect a minor role for ESCRT in
regulating the filamentous growth response.

To further examine this question, the C-terminal domain of
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Rim101p was deleted, which leads to a constitutively active ver-
sion of the protein (92). RIM101-531 partially rescued the invasive
growth (Fig. 5D, washed) and MAPK signaling defects of the snf8�
mutant (Fig. 5D, SD-HIS). Furthermore, the RIM101-531 snf8�

double mutant showed Msb2p in the MVB (Fig. 5C). The single
cell assay showed that RIM101-531 was hyperfilamentous and by-
passed the filamentation defects of the snf8� mutant (Fig. 5E). The
major conclusion drawn from these experiments is that the signal-

FIG 4 Role of the ESCRT complex in regulating the trafficking of Msb2p and other PM regulators of the filamentous growth pathway. (A) Localization of
Msb2p-GFP, Sho1p-GFP, and Sho1pP120L-GFP in wild-type cells and the snf8� mutant. Cells were costained with the membrane-specific dye FM4-64 to visualize
the vacuole and associated compartments. Bar, 5 �m. Arrows, Sho1p-GFP at multiple sites. (B) Immunoblot showing protein levels of Sho1pSH3�-GFP,
Sho1pP120L-GFP and Sho1p-GFP fusions in wild-type cells. Pgk1p was used as a loading control. (C) Localization of Sho1pSH3�-GFP, Sho1pP120L-GFP, and
Sho1p-GFP fusions in wild-type cells.
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FIG 5 Dissecting the roles of ESCRT and Rim101 in regulating the filamentous growth pathway. (A) Rim101 and ESCRT pathways. Overlapping proteins are
shown in yellow, Rim101 pathway-specific components are shown in red, and ESCRT-specific proteins are shown in green. (B) On the left, plate-washing assay
of the wild type, rim101�, snf8�, vps27� and ste12� mutants on YEPD media. The plates were incubated for 48 h, photographed, washed in a stream of water,
and photographed again. On the right, the MAPK activity was assessed by the FUS1-HIS3 growth reporter. Wild-type cells and the mutants were spotted on
SDAA and SD-His media. (C) Localization of Msb2p-GFP in wild-type cells and the indicated mutants. Cells were grown on YEPD media for 24 h. Cells were
resuspended in water and evaluated by fluorescence microscopy at �100. Bar, 5 �m. (D) Wild-type, rim101�, snf8�, RIM101-531, RIM101-531 snf8�, and ste12�
cells were evaluated by a plate-washing assay and growth reporter assays as described in panel B. (E) Single-cell invasive growth assay. Cells were incubated for
24 h on S-GLU media. Representative cells are shown. Bar, 5 �m.
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ing defect seen in the snf8� mutant is due to a defect in the Rim101
pathway and not the ESCRT pathway.

Analysis of Msb2p function in trafficking mutants is consis-
tent with its MAPK function at the PM. Previous results indi-
cated that Msb2p signals from the PM (29). To test whether
Msb2p is delivered to the PM for its subsequent delivery to the
vacuole, a mutant defective in PM delivery of proteins was exam-
ined. Immunoblot analysis of Msb2Pp in the sec3-2 mutant, which
is defective for exocytosis (93), showed stabilization of the protein
to the same levels as seen in the pep4� mutant (Fig. 6A). This result
indicates that Msb2p must be delivered to the PM in order to be
internalized and turned over in the vacuole.

We also found that cells overproducing ALY1, a member of the
arrestin-related trafficking adaptor (ART) family of protein traf-
ficking adaptors (94), showed mislocalization of Msb2p that cor-
responded to reduced activity of the filamentous growth pathway.
ALY1 was identified in a genetic screen for genes that when over-

expressed dampened the FUS1-HIS3 growth reporter in cells lack-
ing an intact mating pathway (ste4�). ALY1 was identified, along
with RCK2, which regulates the HOG pathway (95, 96) and which
has been described in terms of its role in regulating the filamen-
tous growth pathway (47). Cells overproducing ALY1 showed
mislocalization of Msb2p to the vacuolar membrane (Fig. 6E).
The localization of Msb2p to the PM requires PI (4)P (70). Over-
expression of ALY1 did not impact the localization of a PI(4,5)P2
PM marker (pFLARE, fluorescent lipid-associated reporter, PH
domain of PLC-�; see Fig. S5 in the supplemental material). As a
result, Msb2p (and Opy2p) were stabilized, because they were not
delivered to the vacuolar lumen (Fig. 6D and see Fig. S5 in the
supplemental material). In these cells, the filamentous growth
pathway was attenuated (Fig. 6B), and cells failed to undergo in-
vasive growth (Fig. 6C). These results support the idea that Msb2p
is delivered to the PM to activate the MAPK pathway. This con-
clusion is consistent with the idea that a version of Msb2p that

FIG 6 Localization of Msb2p affects protein degradation and MAPK activity. (A) Immunoblot showing Msb2Pp-GFP and GFP levels in a pep4� mutant and
sec3-2 mutant at nonpermissive temperature. (B) FUS1-HIS3 reporter assay of wild-type cells transformed with pGAL-ALY1. (C) Plate washing assay of wild-type
cells transformed with pGAL-ALY1 on S-GAL-URA media. (D) Immunoblot against GFP in Msb2p-GFP, Sho1p-GFP, and Opy2-GFP strains with or without
pGAL-ALY1. Cells were grown in YEP-GAL media. (E) Localization of pMSB2-GFP in a GAL-ALY1 strain. Bar, 5 �m.
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cannot be internalized from the PM shows elevated MAPK activity
(29). Accordingly, mistargeting of Msb2p to the vacuolar mem-
brane results in reduced MAPK activity.

We also tested whether the Msb2p, Sho1p, or Opy2p showed
altered signaling in retromer mutants. Retromer is a trimeric
complex (Vps26p, Vps29p, and Vps36p) that recycles certain
PM proteins to the Golgi compartment, from where they can be
trafficked back to the PM (97, 98). In the vps26� mutant,
MAPK activity was not impacted based on P�Kss1p levels (see
Fig. S6A in the supplemental material), and the ste4 FUS1-HIS3
reporter (see Fig. S6B in the supplemental material). The local-
ization of the proteins was normal (see Fig. S6C in the supple-
mental material). However, the vps26� and vps35� mutants
did show a reduction in filamentous growth by the single cell
assay (see Fig. S6D in the supplemental material), and a minor

reduction in invasive growth by the plate-washing assay (see
Fig. S6B in the supplemental material), which may indicate a
minor role for the proteins in regulating the MAPK pathway or
a role for the proteins in regulating filamentous growth outside
the MAPK pathway, since many proteins and pathways regu-
late the response (99).

Functional differences between TM regulators were identi-
fied by genetic analysis. We also tested whether Msb2p, Sho1p,
and Opy2p have different functions in regulating aspects of the
filamentation response. Overexpression of MSB2 was previously
shown to cause hyper-invasive growth (30, 91). This turned out to
be an MSB2-specific phenotype, as overexpression of SHO1 and
OPY2 did not induce hyperinvasive growth (Fig. 7A). Overexpres-
sion of SHO1 induces hyperpolarized growth (28). This was a
SHO1-specific phenotype, since overexpression of MSB2 or OPY2

FIG 7 Differences in the filamentous growth output by the three PM proteins. (A) Plate washing assay and ste4 FUS1-HIS3 reporter assay for strains are shown.
Equal amounts of cells were spotted. (B) Single-cell invasive growth assay of the indicated strains. Upper panel, microscopic images of the indicated strains in
YEP-GAL; lower panel, single-cell invasive growth assay of the indicated strains. Representative cells are shown. Bar, 5 �m. (C) Phosphorylated Kss1p levels in
the indicated strains grown in YEP-GAL media.

Adhikari et al.

878 ec.asm.org September 2015 Volume 14 Number 9Eukaryotic Cell

 on M
arch 16, 2016 by S

T
A

T
E

 U
N

IV
 N

Y
 A

T
 B

U
F

F
A

LO
http://ec.asm

.org/
D

ow
nloaded from

 

http://ec.asm.org
http://ec.asm.org/


did not cause hyperpolarized growth (Fig. 7B, arrows). Overex-
pression of OPY2 dampens the mating pathway reporter FUS1
(35, 38). This was an Opy2p-specific phenotype because overex-
pression of MSB2 or SHO1 did not attenuate FUS1-HIS3 expres-
sion (Fig. 7A, right panels). The filamentous growth pathway ac-
tivity was measured in cells overexpressing the three TM proteins.
Overexpression of Msb2p induced phosphorylation of Kss1p,
whereas overexpression of SHO1 had relatively little effect (Fig.
7C). Overexpression of Opy2p caused a decrease in P�Kss1p lev-
els, suggesting that Opy2p might have a yet unexplored role in
attenuating the filamentous growth pathway (Fig. 7C). Based on
these tests, Msb2p, Sho1p, and Opy2p may have pathway-specific
roles in regulating filamentous growth.

DISCUSSION

Many signaling pathways are regulated by multiple TM proteins
that work together in some manner to produce a downstream
signal. Here, we investigated the functional roles of TM proteins
that regulate the filamentous growth pathway. We show that
Msb2p, Sho1p, and Opy2p associate by co-IP analysis. This inter-
action may facilitate the interaction between cytosolic regulators
of the filamentous growth pathway. Msb2p associates with ver-
sions of Cdc42p that mimic the GTP-bound (active) conforma-
tion of the GTPase (30). Cdc42p is also anchored to the PM by the
lipid modification geranylgeranylation (100, 101). Sho1p associ-
ates with the MAPKKK Ste11p and the adaptor Ste50p. This has
been explicitly shown for the HOG pathway (44, 102, 103) and
likely occurs in the filamentous growth pathway as well. Opy2p
also interacts with Ste50p (33, 36, 37, 104). Thus, the association
between Msb2p, Sho1p, and Opy2p may facilitate interactions
between Cdc42p-PAK and its substrate for the filamentation
pathway, the MAPKKK Ste11p.

Perhaps unexpectedly, the TM regulators have different local-
ization patterns. The different localization patterns can be ex-
plained in two ways. First, each protein has a unique pattern. For
example, Sho1p is typically found in large cells at the mother-bud
neck, whereas Msb2p or Opy2p are not. Second, the proteins have
different rates of turnover from the PM (Fig. 8). Msb2p is turned
over rapidly from the PM, which attenuates the filamentous
growth pathway. Opy2p is turned over at an intermediate rate,
whereas Sho1p is turned over at a low rate. In general, the turnover
of yeast proteins from the PM requires the ubiquitin ligase Rsp5p
(105). Different adaptors, or (arrestin) ARTs, regulate the turn-
over of different PM proteins (94). Possibly, different ART com-
binations may regulate the differential turnover of TM proteins
that regulate the filamentous growth pathway.

The fact that Msb2p, Sho1p, and Opy2p do not predominantly
colocalize at the PM indicates that transient interactions may be
sufficient for MAPK signaling. One possibility is that Sho1p forms
a stable cortical mark at the PM to which Msb2p and Opy2p tran-
siently associate. Given that Msb2p, Sho1p, and Opy2p have been
implicated in HOG pathway signaling and therefore respond to a
variety of stimuli, it will be interesting to determine whether dif-
ferent trafficking/turnover mechanisms for the proteins lead to
pathway-specific outputs. Msb2p, Sho1p, and Opy2p proteins
have orthologs in other fungal species, including filamentous
fungi that can be pathogenic (106–111). Thus, the regulatory
mechanisms described here may apply to these PM sensors in
other fungal species.

The filamentous growth pathway is similar in some respects to

the PKC pathway. Multiple TM proteins regulate the PKC path-
way, including Wsc1p/Sgl1p, Wsc2p, Wsc3p, and Mid2p (112).
Wsc1p is a single transmembrane domain cell wall sensor that
when marked with GFP does not yield a heavy vacuolar signal
(72). The Wsc1p protein localizes to the PM dependent on the
ESCRT pathway recycling it (72). This recycling is dependent on
Sla1p. In comparison, neither Msb2p nor Opy1p require Sla1p,
and these proteins do not have NPFXD endocytosis signals similar
to those of Wsc1p. Thus, one can envision a possibility where each
TM regulator possess its own localization pattern and mode of
turnover. Dissecting regulatory features of differential turnover of
TM proteins will be important to understand the overall regula-
tion of signaling pathways.

Many proteins accumulate in the MVB in ESCRT mutants.
These include Notch (73), Smoothened, the receptor for Hedge-
hog (113), epidermal growth factor receptor (114, 115), and
CXCR4 (115). Few proteins accumulate at the cell cortex in
ESCRT mutants (116, 117). It is noteworthy that Msb2p accumu-
lates at the MVB in ESCRT mutants, whereas Sho1p accumulates
at the PM. This might be explained, in part, because Sho1p is in an
inactive state. When activated, the localization of Sho1p is more
dynamic, and the protein can be found in internal compartments.
Some receptors can signal from endosomes after they have been
turned over from the PM. Epidermal growth factor receptor can

FIG 8 Model for turnover of PM sensors of the filamentous growth path-
way. In the model, Msb2p, Sho1p, and Opy2p are delivered to the PM by
exocytosis. Msb2p is processed into a shed extracellular domain (Msb2EX)
and a cell-associated signaling domain (Msb2P). The proteins regulate the
filamentous growth pathway at the PM. Msb2P is rapidly turned over in an
Rsp5p-dependent manner to attenuate the filamentous growth pathway
(big arrow). Opy2p is turned over at an intermediate rate (medium arrow),
and Sho1p is turned over at a low rate (small arrow). How the turnover of
Opy2p and Sho1p is regulated is not clear (question marks). After endocy-
tosis from the PM, Msb2p and Opy2p proteins are trafficked to the vacuole
in an ESCRT-dependent manner. How Sho1p is delivered to the vacuole is
not clear. Ub, ubiquitin.
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signal from endosomes, in early ESCRT mutants (114). In Dro-
sophila mutants lacking the ESCRT component Vps25p, Notch
accumulates in the endosome and induces signaling from that site
(118). Intracellular G-protein coupled receptor (GPCR) signaling
has been documented in several studies that show internalized
GPCRs sustain MAPK signaling (119). We show, by disentangling
regulation by the RIM101 and ESCRT pathways, that Msb2p does
not show enhanced signaling from endosomes. Thus, Msb2p sig-
naling is attenuated by a mechanism that requires other factors
than the ESCRT pathway.
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