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Role of the Unfolded Protein Response in Regulating the Mucin-
Dependent Filamentous-Growth Mitogen-Activated Protein Kinase
Pathway
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Signaling mucins are evolutionarily conserved regulators of signal transduction pathways. The signaling mucin Msb2p regulates
the Cdc42p-dependent mitogen-activated protein kinase (MAPK) pathway that controls filamentous growth in yeast. The cleav-
age and release of the glycosylated inhibitory domain of Msb2p is required for MAPK activation. We show here that proteolytic
processing of Msb2p was induced by underglycosylation of its extracellular domain. Cleavage of underglycosylated Msb2p re-
quired the unfolded protein response (UPR), a quality control (QC) pathway that operates in the endoplasmic reticulum (ER).
The UPR regulator Irelp, which detects misfolded/underglycosylated proteins in the ER, controlled Msb2p cleavage by regulat-
ing transcriptional induction of Yps1p, the major protease that processes Msb2p. Accordingly, the UPR was required for differ-
entiation to the filamentous cell type. Cleavage of Msb2p occurred in conditional trafficking mutants that trap secretory cargo in

the endomembrane system. Processed Msb2p was delivered to the plasma membrane, and its turnover by the ubiquitin ligase
Rsp5p and ESCRT attenuated the filamentous-growth pathway. We speculate that the QC pathways broadly regulate signaling
glycoproteins and their cognate pathways by recognizing altered glycosylation patterns that can occur in response to extrinsic

cues.

S ignaling mucins are evolutionarily conserved regulators of signal
transduction pathways (1—4). Signaling mucins are composed of
a highly glycosylated extracellular domain that contains a mucin ho-
mology domain (MHD), which is defined by tandem repeats rich in
Ser/Thr/Pro residues. The extracellular domain is connected by a sin-
gle-pass transmembrane (TM) alpha helix to a cytosolic signaling
domain, which associates with a diverse array of proteins that regulate
mitogen-activated protein kinase (MAPK) pathways, Akt, 3-catenin,
and other pathways (5-8). Signaling mucins are overexpressed in
different cancers, where they contribute to cell proliferation and me-
tastasis (6). They are diagnostic biomarkers for cancers (9) and targets
for immunotherapies (10, 11). Therefore, the mechanisms by which
signaling mucins and related glycoproteins are regulated is of intense
interest.

In the budding yeast Saccharomyces cerevisiae, the mucin-like
glycoprotein Msb2p regulates the MAPK pathway that controls
filamentous growth, a cell differentiation behavior that occurs in
response to nutrient limitation (12—14). The extracellular domain
of Msb2p is extensively glycosylated. Msb2p is modified by N-
linked and O-linked glycosylation and contains a canonical MHD
that is itself highly glycosylated (15, 16). In alandmark study, Yang
et al. identified Pmt4p as the major O-mannosyltransferase for
Msb2p (17). Pmt4p is a member of an evolutionarily conserved
protein mannosyl transferase (Pmt) gene family (2, 18). Msb2p
also contains a cytosolic signaling domain. The cytosolic domain
of Msb2p associates with the Rho GTPase Cdc42p (15), whichisa
ubiquitous regulator of cell polarity and signaling (19). Msb2p
also associates with the tetraspan protein Sholp (15, 20, 21) and
functions with a third TM regulator, Opy2p (17, 22-26), to regu-
late the filamentous-growth pathway. Once activated, Cdc42p
binds to the p21-activated kinase (PAK) Ste20p to regulate a canoni-
cal MAPK cascade (Stellp [MAPK kinase kinase]—>Ste7p [MAPK
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kinase] —Ksslp [MAPK]). The MAPK Ksslp controls the activity of
transcription factors (Stel2p and Teclp), which induce target genes that
bring about differentiation to the filamentous cell type (14, 27).

An important challenge surrounding Msb2p and other mucin-
like glycoproteins is to understand what these proteins might
sense at the plasma membrane (PM). The filamentous-growth
pathway is activated by glucose limitation (22, 28-30), yet whether
or how Msb2p senses limiting glucose is not clear. Defects in pro-
tein glycosylation also activate the filamentous-growth pathway
(17, 31, 32). It is known that a portion of the glycosylated extra-
cellular domain of Msb2p plays an inhibitory role in MAPK sig-
naling (100 to 950 amino acids [aa] [15]). Cleavage and release of
the extracellular inhibitory domain of Msb2p by yapsin aspartyl-
type proteases (33-36), particularly Ypslp, are required for fila-
mentous-growth pathway activity (28).

Here, we describe a new connection between the processing of
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Msb2p and an internal quality control (QC) pathway that operates in
the secretory pathway and is required for the activation of the fila-
mentous-growth pathway. We show that glycosylation deficiency,
which occurs in conditional protein glycosylation mutants, or growth
in a nonpreferred carbon source (galactose) leads to underglycosyla-
tion of Msb2p. Underglycosylated Msb2p was efficiently processed by
a mechanism involving the unfolded protein response (UPR), the
major QC pathway that operates in the endoplasmic reticulum (ER)
(37). The UPR regulator Irelp, which detects misfolded and under-
glycosylated proteins in the ER (37—40), was required for proteolytic
processing of Msb2p by regulating expression of YPSI, the major
protease required for Msb2p cleavage. This activation mechanism
connects the UPR to a cell differentiation response (filamentous
growth) through a mucin-dependent ERK-type MAPK pathway. The
regulatory mechanism described here may extend to other signaling
glycoproteins whose glycosylation becomes altered in response to ex-
tracellular stimuli, leading to detection and modification by internal
QC pathways.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. Strains are listed in Table 1.
Plasmids are listed in Table 2. Yeast strains were maintained in yeast
extract and peptone medium containing 2% glucose (YEPD) or 2% ga-
lactose (GAL) unless otherwise indicated. Cells were grown at 30°C (49,
50). Temperature shift experiments were carried out at 37°C. For main-
taining the selection of plasmids, cells were grown in synthetic medium.
Gene disruptions were performed according to standard genetic tech-
niques (51, 52), including the use of heterologous auxotrophic markers
and antibiotic resistance markers for gene disruption and tagging (53).
Epitope tagging with hemagglutinin (HA) or ¢-MYC epitopes (54) and
GALI promoter and fluorescent tag (GFP) fusions (55) were carried out as
described previously.

The plasmid containing the UPRE-lacZ reporter was provided by P.
Walter (56). The plasmid containing the YPSI-lacZ reporter was provided
by D. Krysan (33). A. Tartakoff (Case Western Reserve, Cleveland, OH)
provided the sec12-4 and wild-type control strains. C. Burd (Yale Univer-
sity, New Haven, CT) provided the rsp5-1 strain (46). P. Novick (Yale
University, New Haven, CT) provided exocytosis mutant strains. The
plate-washing assay and agar invasion were examined as described previ-
ously (13). Biofilm and mat assays were performed on YEPD and YEP-
GAL plates containing 0.3% agar (57). The single-cell invasive growth
assay was performed as described previously (30).

B-Galactosidase assays. [3-Galactosidase assays were performed as
described previously (15). Cells were grown in synthetic medium lacking
uracil to maintain selection for the plasmids. Cells from a saturated cul-
ture were washed once in water and cultured in inducing medium (typi-
cally YEPD or YEP-GAL) until cells had reached mid-log-phase growth
(~5.5h). At least two independent experiments were performed, and the
average values were represented in Miller units. Error bars indicate stan-
dard deviations between trials.

qPCR analysis. Quantitative PCR (qPCR) analysis was performed as
described previously (58) using primers for YPSI (forward, 5'-AACGTT
ACCGGGTTGTCTTT-3'; reverse, 5'-CGCTTGGAACAGAGGATGTA
A-3") and ACT1I (forward, 5'-GGCTTCTTTGACTACCTTCCAACA-3';
reverse, 5'-GATGGACCACTTTCGTCGTATTC-3"). The template cDNA
was synthesized by an iScript cDNA synthesis kit (Bio-Rad, Carlsbad, CA)
according to the manufacturer’s suggested protocol. PCRs were run with iQ
SYBR green Supermix (Bio-Rad, Carlsbad, CA). qPCR was performed for the
following amplification cycles: initial denaturation for 8 min at 95°C, fol-
lowed by 35 cycles of denaturation for 15 s at 95°C and annealing for 1 min at
60°C. The expression of genes was quantified using the 27247 method
(141). The ACTI gene (encoding actin) was used to normalize expression
levels. Error bars indicate the SEM (standard errors of the means) from three
independent trials.
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Site-directed mutagenesis by in vivo recombination. To generate
Msb2p®*® and single-amino-acid substitutions (from residue 1285 to
1303) in the cytosolic domain of Msb2p, homologous recombination at
the MSB2 locus in the genome was performed. Primers were designed
with the desired nucleotide changes incorporated. pKIURA3 (PC5225)
plasmid was used to generate a URA3 cassette with the incorporated point
mutations in the flanking regions. The cassette was transformed into yeast
strains and selected on synthetic medium lacking uracil and incubated for
4 to 5 days at 30°C. PCR analysis was performed for the verification of the
integration of the cassette at the locus. Point mutations were confirmed by
sequencing of PCR products flanking the region mutagenized.

To generate the Msb2p”*®-GFP strain, the designated K-to-R changes
were incorporated in the forward primer. MSB2 was amplified from pHA-
Msb2p-GFP with a reverse primer designed from the region downstream
of the MSB2 open reading frame (ORF) containing the antibiotic resis-
tance kanMX6 cassette. The amplified PCR product was transformed in
the PC999 (HA-MSB2) strain. Transformants were selected on YEPD
medium containing Geneticin for 4 to 5 days at 30°C. Positive isolates
were confirmed by GFP fluorescence and sequencing.

Protein immunoblot analysis. The glycosylation status of Msb2p was
measured using a concanavalin A (ConA)-bound resin for glycoprotein
isolation (89804; Pierce, Rockford, IL), and the manufacturer’s protocol
was followed. Immunoblotting was performed as described previously
(15). Phosphorylated MAPKs were detected as described previously (59).
In general, cell lysates were resolved by 10% SDS-PAGE analysis unless
otherwise indicated. For immunoblot analysis, proteins were transferred
to nitrocellulose membranes (Protran BA85; VWR International Inc.,
Bridgeport, NJ), which were incubated in blocking buffer (5% nonfat dry
milk, 10 mM Tris-HCI [pH 8], 150 mM NaCl, and 0.05% Tween 20) for 16
hat 4°C.

Antibodies were used at the manufacturer’s recommended concentra-
tions. WesternBright quantum horseradish peroxidase (HRP) substrate
(K-12042-D20; Advansta) was used to detect secondary antibodies. Anti-
bodies to phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E)
(4370; Cell Signaling Technology) were used to detect phosphorylated
Kss1p (1:3,000 dilution). Mouse monoclonal antibodies were used to de-
tect green fluorescent protein (GFP) (clones 7.1 and 13.1; 11814460001;
Roche Diagnostics). Antibodies to HA (11583816001; Roche) are com-
mercially available. Secondary antibodies were goat anti-mouse IgG-HRP
(170-6516; Bio-Rad) and goat anti-rabbit IgG-HRP (111-035-144; Jack-
son ImmunoResearch Laboratories, Inc.). Antibodies to ubiquitin were
used (ab24686; Abcam). Protein concentration was measured using the
bicinchoninic acid (BCA) kit (Thermo-Fisher, Waltham, MA) and by
immunoblotting using antibodies against the Pgklp protein (1:5,000 di-
lution; no. 459250, lot P0660; Life Technologies-Molecular Probes, Grand
Island, NY). To measure protein turnover, the galactose-inducible pro-
moter GALI fusions were constructed to drive expression of MSB2-GFP.
Cells were grown in YEP-GAL medium for 4 h to induce expression,
washed in water twice, and resuspended in YEPD medium. Cells were
harvested over a time series, and cell extracts were examined by immuno-
blot analysis to measure protein levels.

Analysis of Msb2p cleavage in yapsin and conditional trafficking
mutants. All conditional alleles were compared to their isogenic parent
strains. To investigate Msb2p cleavage and MAPK signaling in tempera-
ture-sensitive mutants, the following strains and conditions were used. All
strains contained the pHA-Msb2p-GFP (PC2582) plasmid and were pre-
grown in SD-URA medium to maintain selection for the plasmid for 16 h
and induced for 4 h at 37°C in prewarmed YEPD medium. For ER and
Golgi trafficking mutants, wild-type (PC5659) and sec12-14 (PC5662)
strains were examined. For phosphatidylinositol (PI) kinase mutants,
wild-type (PC4990) and pik1-83 (PC4994) strains were examined. For
exocyst mutants, wild-type (PC1658), sec3-2 (PC1664), sec5-24 (PC1662),
sec8-19 (PC1663), sec10-2 (PC1660), sec15-1 (PC1661), ypsIA (PC2262),
sec3-2 yps1A (PC5988), and sec15-1 (PC1661) strains were examined. For
yapsin mutants, wild-type (PC2212), ypsIA (PC2262), and 5ypsA
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TABLE 1 Strains used in the study

Reference or

Strain Genotype® source
PC244 MATa ste4 FUS1-HIS3 ura3-52 pmi40-101° 30
PC313 MATa ura3-52 12
PC538 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 15
PC544 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 bnil::KIURA3" 41
PC948 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 msb2::kanMX6 15
PC999 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 Msb2p-HA (at aa 500) 15
PC1029 MATa ste4 FUSI-lacZ FUSI1-HIS3 ura3-52 flo11::KIURA3 42
PC1140 MATa sted FUSI-lacZ FUS1-HIS3 ura3-52 MSB22%%%-815_.HA (AMHD) 15
PC1291 SY1436 MATa ste4 FUSI-HIS3 ura3-52° 15
PC1516 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB22190-515_HA 15
PC1523 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 ssk1:KIURA3 29
PC1658 NY13 MATa ura3-52¢ 43
PC1660 NY61 MATa ura3-52 sec10-2° 43
PCl1661 NY64 MATa ura3-52 sec15-1° 43
PC1662 NY402 MATa ura3-52 sec5-24° 43
PC1663 NY410 MATa ura3-52 sec8-19° 43
PCl1664 NY412 MATa ura3-52 sec3-2° 43
PC2011 MATa ste4 FUSI-lacZ FUSI1-HIS3 ura3-52 Msb2p-HA (at aa 500)-GFP(at aa 1306)::KanMX6% 28
PC2043 MATa ste4 FUSI-lacZ FUSI1-HIS3 ura3-52 FLO11-HA 42
PC209%4 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 Msb2p-GFP (at aa 1306)::KanMX6 28
PC2212 MATa ade2-1 his3-11,15 leu2-3,112 ura3-1 trpl-1 canl-100° 33
PC2213 MATa ade2-1 his3-11,15 leu2-3,112 ura3-1 trpl-1 can1-100 5ypsA© 33
PC2138 MATa sted FUS1-lacZ FUSI-HIS3 ura3-52 cinl::KIURA3 This study
PC2224 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB22190-550_HA 28
PC2226 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB2*!%*"°-HA 28
PC2227 MATa sted FUS1-lacZ FUS1-HIS3 ura3-52 MSB2*'%*"-HA 28
PC2262 MATa ade2-1 his3-11,15 leu2-3,112 ura3-1 trpl-1 canl-100 ypsI:LEU2¢ 33
PC2382 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 stel2::kanMX6 28
PC2622 MATa sted FUS1-lacZ FUSI-HIS3 ura3-52 snf8:HYG 44
PC2963 MATa ste4 FUSI-lacZ FUSI1-HIS3 ura3-52 FLO10-HA 45
PC3007 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 RAX2-HA 45
PC3008 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 SLG1-HA 45
PC3009 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 CTR1-HA 45
PC3063 MATa his3A1 leu2A0 met15A0 ura3A0 pep4:kanMX6 Research Genetics
PC3156 MATa sted FUSI-lacZ FUSI-HIS3 ura3-52 Msb2p-HA (at aa 500)-GFP(at aa 1306):KanMX6 pep4:KIURA3 This study
PC3288 SEY6210 MATa ura3-52 his3-200 trp1-901 lys2-801 suc2-9 leu2-3¢ 46
PC3289 SEY6210.1 rsp5A::HIS3 pDsRED415-rsp5G7531 rsp5-1¢ 46
PC3861 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 stel 1::NAT 22
PC4994 SEY6210 pikI::HIS3 pRS314pik1-83 (TRP1 CENG pik1-83)° 47
PC5659 YPH500 MATa ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-A1l 46
PC5662 RSY263 MATa ura3-52 leu2-3,112 sec12-4 48
PC5732 MATa sted FUS1-lacZ FUSI-HIS3 ura3-52 Msb2p™!223R K1239R KI245R_H A (at aa 500)-GFP(at aa 1306)::KanMX This study
PC5783 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 P, -Msb2p-HA (at aa 500)-GFP(at aa 1306)::KanMX6:NAT This study
PC5834 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB2120%-13%_GFP::kanMX6 This study
PC5836 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB21223-13%_GFP::kanMX6 This study
PC5838 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB22123%130_GFP::kanMX6 This study
PC5840 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB212#-13%_GFP::kanMX6 This study
PC5842 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB2*12°0-13%_GFP::kanMX6 This study
PC5844 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB2212°1-130_GFP::kanMX6 This study
PC5846 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB212°*13%_GFP::kanMX6 This study
PC5848 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB212%%-1306-GFP. kg MX6 This study
PC5850 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 Msb2p®!223R K1239R KI245R_H A (3t aa 500)-GFP(at aa This study
1306)::KanMX::K[Ura3
PC5916 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB21704-1306:: KIURA3 This study
PC5918 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB221223-1305:: K][URA3 This study
PC5919 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB212%%-13%6:: KIURA3 This study
PC5920 MATa ste4 FUSI-lacZ FUSI-HIS3 ura3-52 MSB2124571306:: KIURA3 This study
PC5921 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB2212°0-13%: K][URA3 This study
PC5922 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB212%'-13%6:: KIURA3 This study
PC5923 MATa ste4 FUSI-lacZ FUSI-HIS3 ura3-52 MSB212%-1306:: KIURA3 This study

(Continued on following page)
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Reference or

Strain Genotype® source

PC5924 MATa ste4 FUSI-lacZ FUSI-HIS3 ura3-52 MSB2*1701-13%6:: KIURA3 This study
PC5951 MATa ste4 FUS1-lacZ FUSI-HIS3 ura3-52 MSB2"13014 A1304-1306,. KITURA3 This study
PC5952 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB2¢13024 A1304-1306,. KIURA 3 This study
PC5953 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB2"V13034 A1304-1306.. KTTTRA 3 This study
PC5956 MATa ste4 FUS1-lacZ FUSI-HIS3 ura3-52 Msb2p-GFP(at aa 1306)::KanMX6 This study
PC5980 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 sec3::KIURA3 This study
PC5987 NY13 MATa ura3-52 yps1:KIURA3? pHA-MSB2-GFP This study
PC5988 NY412 MATa ura3-52 sec3-2 yps1:KIURA3 pHA-MSB2-GFP¢ This study
PC5991 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 pmt4:NAT This study
PC5997 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB2513004 A1304-1306.. KI{TRA 3 This study
PC5998 MATa ste4 FUS1-lacZ FUSI-HIS3 ura3-52 MSB2N129%4 13041306, K]JRA3 This study
PC5999 MATa ste4 FUS1-lacZ FUSI-HIS3 ura3-52 MSB251292A A1304-1306.. K1TIRA 3 This study
PC6000 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 MSB2R1293A A1304-1306.. KITTRA 3 This study
PC6001 MATa ste4 FUS1-lacZ FUSI-HIS3 ura3-52 MSB2"12%#4 A1304-1306,. KTRA3 This study
PC6002 MATa ste4 FUS1-lacZ FUSI-HIS3 ura3-52 MSB2!129%A A1304-1306,. K]URA 3 This study
PC6032 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 irel::KIURA3 This study
PC6033 MATa ste4 FUS1-lacZ FUSI-HIS3 ura3-52 hrd1:KIURA3 This study
PC6043 SY1436 ste4 FUSI-HIS3 irel::KIURA3" This study
PC6044 MATa ste4 FUSI-HIS3 ura3-52 pmi40-101 irel::KIURA3" This study
PC6048 MATa ura3-52 irel:NAT This study
PC6320 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 lhs1::KIURA3 This study
PC6321 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 Msb2p-HA(at aa 500) irel:KIURA3 This study
PC6322 MATa ste4 FUS1-lacZ FUSI-HIS3 ura3-52 hacl:KIURA3 This study
PC6458 MATa ste4 FUSI-HIS3 ura3-52 pmi40-101 irel::KIURA3::FOA ™" ::ura3 pUPRE-lacZ" This study
PC6459 MATa ste4 ura3-52 P, -MSB2 This study
PC6460 MATa ura3-52 irel:NAT P ,,-MSB2 This study
PC6462 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 pmt4::NAT irel::KIURA3 This study
PC6463 MATa ste4 FUSI-lacZ FUS1-HIS3 ura3-52 stel2::kanMXG6 irel::KIURA3 This study
PCo6464 MATa ste4 FUS1-lacZ FUSI-HIS3 ura3-52 pmt4:NAT stel2:KIURA3 This study
PC6465 MATa ura3-52 irel::NAT ssk1:KIURA3 This study
PC6467 MATa ste4 FUSI-HIS3 ura3-52 pmi40-101 IRE1**7>111%:: kanM X 6" This study

“ All strains are in the %1278b background unless otherwise indicated.

b246-1-1 background.

“W303 background.

@ KIURA3 refers to the Kluyveromyces lactis URA3 cassette.

¢ Strains are in the SEY6210 background.

/Strains are in the X2180-1A background.

£ Msb2p with HA attached at aa 500 and GFP attached at aa 1306 fused to KanMX6.

(PC2213) cells were induced in YEPD medium for 6 h at 30°C. In other
experiments, wild-type (PC1291) and pmi40-101 (PC244) strains harbor-
ing pHA-Msb2p-GFP were grown with or without 50 mM mannose
(Man) for 6 h in YEPD medium. To assess Msb2p levels in conditional
RSP5 mutants, wild-type (PC3288) and rsp5-1 (PC3290) cells expressing

TABLE 2 Plasmids used in the study

either pGFP-Msb2p (PC1696) or pHA-Msb2p-GFP (PC2582) were
grown in YEPD medium for 2 h at 37°C.

Protein localization and microscopy. The localization of Msb2p was
examined using plasmids pGFP-Msb2p (PC1696) and pMsb2p-GFP
(PC2582). For some experiments, a dual-tagged functional fusion protein

Source or
Number Plasmid Description reference
PC1287 AYES-MSB2 AMP/CEN/URA3 15
PC1456 pHA-MSB2 AMP/CEN/URA3 28
PC1694 pGFP-2-MSB2 GFP at 246-539A; AMP/CEN/URA3 This study
PC1696 pGFP-1-MSB2 GFP at 324-326A; AMP/CEN/URA3 This study
PC2344 pMBP-MSB2 AMP/CEN/URA3 This study
PC2417 AYES-MSB2-2 extra repeats AMP/CEN/URA3 This study
PC2418 AYES-MSB2-0 extra repeats AMP/CEN/URA3 This study
PC2419 NYES-MSB2-1 extra repeats AMP/CEN/URA3 This study
PC2582 pHA-MSB2-GFP AMP/CEN/URA3 This study
PC6469 pGST-cLD IRE1 E. coli expression This study
April 2015 Volume 35 Number 8 Molecular and Cellular Biology mcb.asm.org 1417
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was used (pHA-Msb2p-GFP [PC2582]). For localization experiments in-
volving sec mutants, 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 (DIC) and fluorescence microscopy
using fluorescein isothiocyanate (FITC) filter sets were performed using
an Axioplan 2 fluorescence microscope (Zeiss) with a Plan-Apochromat
100X/1.4 (oil) objective (numeric aperture, 0.17). Digital images were
obtained with the Axiocam MRm camera (Zeiss). Axiovision 4.4 software
(Zeiss) was used for image acquisition and analysis. Cells were examined
by oil immersion on glass slides (2947-75; Corning Inc., Corning, NY)
with a glass coverslip (48366-227; VWR) using a 100X objective. Images
were analyzed in Adobe Photoshop, where adjustments of brightness and
contrast were made. A temperature control stage slide warmer (0115.000;
PeCon GmbH, Germany) was used to maintain cells at 37°C for protein
localization experiments in temperature-sensitive mutants.

In vitro pulldown assay. The core endoplasmic reticulum (ER)-lume-
nal domain of Irelp (cLD-Irel; aa residues 111 to 411 [60]) was expressed
and purified from the bacterial lysate by glutathione S-transferase (GST)
fusion. Briefly, BI21-DE3 bacterial cells containing the GST-cLD-Irelp
plasmid construct were grown at 37°C to an optical density at 600 nm
(ODygq) 0£0.6. The expression of GST-cLD-Irelp was induced by 0.5 mM
isopropyl-a-p-thiogalactopyranoside (IPTG) at 22°C for 16 h. Cells were
harvested and resuspended in the lysis buffer (1X phosphate-buffered
saline [PBS], pH 7.4; 1 mM phenylmethylsulfonyl fluoride [PMSF]; 1 mM
dithiothreitol [DTT]; 1 mg/ml lysozyme) and further lysed by sonication.
Clarified lysate was incubated with the glutathione-Sepharose 4B beads
(GE 17-0756-01) at room temperature for 1 h. GST alone was used as a
control. For the preparation of the yeast lysates, the pmi40-101 (PC244)
mutant containing HA-Msb2p (PC2582) was grown in YEPD medium
with or without mannose for 16 h to enrich for the underglycosylated
form of Msb2p. The yeast cells were disrupted using a FastPrep-24 instru-
ment (MP Biomedicals LLC, Solon, OH) in the lysis buffer (1 X PBS, pH
7.4; 1 mM PMSF; 1 mM DTT; 1% NP-40). Precleared yeast lysates con-
taining HA-Msb2p were divided equally and incubated with GST alone or
GST-cLD-Irelp immobilized onto glutathione beads at 4°C for at least an
hour by end-to-end rotation. The beads were washed with 1X PBS, pH
7.4, 3 times. One hundred fifty microliters of the 1 X SDS-PAGE dye was
added to the beads and boiled for 10 min with frequent agitation.

Bioinformatics. UB PRED (http://www.ubpred.org/) was used to
identify candidate ubiquitinated lysines (61). NetOGlyc (http://www.cbs
.dtu.dk/services/NetOGlyc/) was used to identify O-linked protein glyco-
sylation sites for mucin glycoproteins (62). Image] analysis was used to
quantitate band intensity for protein gels and immunoblots (http:
//imagej.nih.gov [63]) using the invert function and by subtraction of
background signals. SGD was used as a resource for yeast gene annotation
and analysis (http://www.yeastgenome.org). The crystal structure images
of GFP (64) and MBP (65, 66) were visualized by PDB (http://www.rcsb
.org/pdb/home/home.do). A chi-square test was used to determine statis-
tical significance. A two-tailed unpaired Student’s ¢ test was used to gen-
erate P values.

RESULTS

Underglycosylated Msb2p is proteolytically processed at ele-
vated levels. Msb2p is proteolytically processed in its extracellular
domain by the aspartyl protease Ypslp (28). A portion of the
extracellular domain (aa 100 to 900), which functions in an inhib-
itory capacity, is released from cells. The C-terminal portion of
Msb2p, which includes the cytoplasmic signaling domain, re-
mains associated with the plasma membrane (PM) (Fig. 1A; ar-
rows refer to potential cleavage sites). A functional dual-tagged
version of Msb2p, HA-Msb2p-GFP (HA epitope at aa 500 and
GFP at the C-terminal aa 1306), was used to examine the proteo-
lytic processing of Msb2p. The proteolytically processed C-termi-
nal domain, referred to as Msb2"p, migrated as a 55-kDa band by
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immunoblot analysis (Fig. 1B). Msb2"p levels were reduced in the
yps1A mutant (Fig. 1B). Msb2"p levels were further reduced in a
mutant lacking all five yapsins (Fig. 1B, 5ypsA mutant), consistent
with the idea that multiple yapsins proteolytically process Msb2p.
Consistent with this idea, the extracellular domain of Msb2p was
not shed in yapsin mutants and accumulated in cell pellets (Fig.
1B, HA-Msb2p).

Msb2p is modified by N- and O-linked glycosylation (15, 16),
which are posttranslational modifications that occur in the endoplas-
mic reticulum (ER) and Golgi apparatus (67, 68, and references
therein). A high-throughput screening approach, called secretion
profiling, uncovered mutants defective for N- and O-linked glycosy-
lation that showed differential shedding of HA-Msb2p (69). The se-
cretion profiling data suggested that changes in glycosylation of
Msb2p correlate with its proteolytic processing. To investigate this
possibility, the cleavage of Msb2p was examined in a conditional gly-
cosylation mutant, pmi40-101 (30). Pmi40p converts fructose-6-P to
mannose-6-P (70). Consequently, Pmi40Op is involved in early steps
of N- and O-linked glycosylation and related processes (71, 72). The
glycosylation defect of the pmi40-101 mutant can be suppressed by
growth of cells in media containing 50 mM mannose (Fig. 1C) (70,
73). Cleavage of Msb2p was elevated in the pmi40-101 mutant grown
in media lacking mannose (Fig. 1D). Cleavage of Msb2p is required to
activate the filamentous-growth pathway (28), which can be moni-
tored by phosphorylation of the MAPK Ksslp (P~Ksslp) (74-77).
The filamentous-growth pathway was induced in the pmi40-101 mu-
tant grown in media lacking mannose (Fig. 1E). Cleavage of Msb2p
also was examined in cells lacking Pmt4p, the major O-glycosyltrans-
ferase that modifies Msb2p (17). The pmt4A mutant showed elevated
processing (Fig. 1F) and an increase in MAPK activity (Fig. 1G).
Msb2p is underglycosylated in protein glycosylation mutants, includ-
ing pmi40-101 and pmt4A (15,17, 78). Therefore, underglycosylation
of Msb2p leads to elevated processing of the protein and activation of
the filamentous-growth pathway.

UPR regulates cleavage of underglycosylated Msb2p and the
filamentous-growth pathway. Underglycosylated proteins can
become misfolded in the secretory pathway. QC pathways in the
endomembrane system identify misfolded proteins and target
them for proper folding or destruction. One of these pathways is
the unfolded protein response (UPR) (37—-40). A major regulator
of the UPR s Irelp, which recognizes misfolded proteins in the ER
and induces a nuclear response (37, 39, 56, 60, 79). To test whether
underglycosylated Msb2p is regulated by the UPR, proteolytic
processing of Msb2p was examined in the pmi40-101 mutant lack-
ing Irelp. Cleavage of Msb2p was reduced in the pmi40-101 irelA
double mutant (Fig. 2A). Likewise, HA-Msb2p was shed at re-
duced levels in the ire] A mutant (see Fig. S1A in the supplemental
material). Irelp regulates the transcriptional induction of pro-
teases, chaperones, and other enzymes (37) that include YPSI (80,
81), which encodes the major protease for Msb2p. The expression
of YPS1, assessed by qPCR and YPS1-lacZ analysis, was elevated in
the pmi40-101 mutant (Fig. 2B). The elevated YPSI expression
seen in the pmi40-101 mutant was dependent on Irelp (Fig. 2B).
Therefore, the proteolytic processing of Msb2p in the pmi40-101
mutant results from UPR-dependent induction of YPSI expres-
sion.

If Irelp controls the processing of Msb2p, it also may regulate
the activity of the filamentous-growth pathway. The ire] A mutant
showed reduced P~Kss1p levels in the pmi40-101 mutant grown
in medium lacking mannose (Fig. 2C). Irelp also was required for

April 2015 Volume 35 Number 8


http://www.ubpred.org/
http://www.cbs.dtu.dk/services/NetOGlyc/
http://www.cbs.dtu.dk/services/NetOGlyc/
http://imagej.nih.gov
http://imagej.nih.gov
http://www.yeastgenome.org
http://www.rcsb.org/pdb/home/home.do
http://www.rcsb.org/pdb/home/home.do
http://mcb.asm.org

UPR Regulates Mucin-Dependent ERK-Type MAPK

(%)
d
RN, GLUCOSE
NN )
GLU-6-P
PELLET |
HA-Msbzp u FRU-6-P  pmisgp
y'd _—
—250kDa FRU-6-bisP MAN-6-P <— MAN
* -— 75 kDa
P GLYCOLYSIS GLYCOSYLATION
Msb2 p . s ~55kDa ‘

. N-linked O-linked
Loading

-t -

F

WT  pmt4A

Q I« 55 kDa
Pgk1p R e 45 <Da

G

Msb2"p

WT pmi40-101
Man - + - WT  pmt4A
P~Kss1p S| 43 kDa P~Kss1p - - 43kDa
x| A — *
Kss1p} — - < 43kDa Kss1p | 4mms S - 43kDa

Pgk1p “ .. - 45kDa Pgk1p W - 45 kDa
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P~XKsslp in the pmt4A mutant (Fig. 2D). Irelp contains a cyto-
solic signaling domain (79) that deletion analysis showed was re-
quired for induction of the filamentous-growth pathway (Fig. 2E,
A673-1115).

The pmi40-101 mutant exhibited elevated UPR activity, based
on the activity of a transcriptional reporter (UPRE-lacZ [56]),
which was measured by -galactosidase assays (Fig. 2F). Induc-
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tion of the UPRE-lacZ reporter in the pmi40-101 mutant was de-
pendent on Irelp (Fig. 2F). The pmi40-101 mutant also exhibited
a growth defect on medium lacking mannose, which was exacer-
bated in cells lacking Irelp (see Fig. S1B in the supplemental ma-
terial). Altogether, the results show a role for the UPR in regulat-
ing cleavage of Msb2p and the filamentous-growth pathway
during protein glycosylation deficiency.
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The core ER luminal domain (cLD) of Irelp recognizes the
misglycosylated form of carboxypeptidase in the ER (60). Msb2p
may be recognized by Irelp or be modified as part of a general
response to ER stress. To test whether Msb2p and Irelp associate,
the interaction between Msb2p and GST-cLD-Irelp was exam-
ined by in vitro pulldown analysis. Underglycosylated HA-
Msb2p in extracts prepared from the pmi40-101 mutant grown
in medium lacking mannose (underglycosylated) associated
with GST-cLD-Irelp that was overexpressed and purified from
Escherichia coli (Fig. 2G). HA-Msb2p in extracts prepared from
the pmi40-101 mutant grown in medium containing mannose
(fully glycosylated) did not associate with GST-cLD-Irelp (Fig.
2G). Thus, it is possible that Irelp interacts with the underglyco-
sylated form of Msb2p.

We further hypothesized that altering the glycosylation of
Msb2p in wild-type cells would impact the filamentous-growth
pathway. To test this possibility, globular domains that are not
normally glycosylated (e.g., maltose binding protein [MBP]
and GFP) were inserted into the extracellular domain of Msb2p
(Fig. 2H). The insertions resulted in induction of the filamen-
tous-growth pathway based on a transcriptional reporter that,
in filamentous strains lacking STE4, exhibits filamentous-
growth pathway dependence (FUSI-lacZ) (Fig. 2I). The ele-
vated signaling presumably resulted from reduced stability of
the extracellular domain, which is reduced in GFP-Msb2p and
MBP-Msb2p variants (see Fig. S1C in the supplemental mate-
rial) with a concomitant increase in signaling (see Fig. S1D;
shown for GFP-Msb2p). Increasing the glycosylation of Msb2p like-
wise might dampen the filamentous-growth pathway. The addition
of tandem repeats to the MHD (Fig. 2H), which are highly glycosy-
lated (15, 82), dampened the filamentous-growth pathway in a man-
ner that corresponded with increasing repeat number (Fig. 2I). Thus,
altering the Msb2p protein in a way that would be expected to impact
its glycosylation profile alters the filamentous-growth pathway,
which may occur by its recognition by Irelp.

The UPR regulates Msb2p cleavage and the filamentous-
growth pathway during invasive growth. The filamentous-
growth pathway is induced by defects in protein glycosylation and
also by the limitation of nutrients like glucose (22, 28, 29). In
mammals, glucose depletion activates the UPR (83-86). This may
be because glucose is the precursor for glycolysis and oligosaccha-
ride production (Fig. 1C); thus, limiting glucose may lead to a
reduction in protein glycosylation. In yeast, the irelA mutant
showed a growth defect on poor carbon sources, including the
nonpreferred carbon source galactose (see below) and other poor
carbon sources (see Fig. SIE in the supplemental material).
Growth in galactose modestly induced the UPRE-lacZ reporter

UPR Regulates Mucin-Dependent ERK-Type MAPK

(Fig. 3A) (58). Induction of the UPR by galactose required Irelp
(Fig. 3A). Tunicamycin (Tun) is an inhibitor of N-linked glycosy-
lation (87), which leads to accumulation of misfolded proteins
in the ER and activation of the UPR (37, 88, 89). Tunicamycin
induced the UPRE-lacZ reporter to higher levels than galactose
(Fig. 3A).

Msb2p and other glycoproteins may be underglycosylated dur-
ing growth in poor carbon sources. HA-Msb2p showed similar
migration on SDS-PAGE from cells grown in galactose and cells
treated with tunicamycin (Fig. 3B). Samples examined in Fig. 3B
were eluted from a concanavalin A (ConA) column that binds
oligosaccharides (90). Versions of Msb2p that lacked portions of
its extracellular domain (see Fig. S1F in the supplemental mate-
rial) and other glycoproteins (91) showed a similar pattern (see
Fig. S1G), which indicates that many proteins are underglycosy-
lated during growth in a nonpreferred carbon source.

The underglycosylation of Msb2p that occurs in galactose may
induce its proteolytic processing and MAPK activation. Cleavage
of Msb2p occurred at elevated levels in galactose (Fig. 3C), which
corresponded to activation of the filamentous-growth pathway
(Fig. 3C) (28). The UPR may regulate cleavage of underglycosy-
lated Msb2p in this setting. Irelp was required for Msb2p cleavage
in galactose (Fig. 3D) and for activation of the filamentous-growth
pathway based on the levels of P~Kss1p (Fig. 3E) and the activity
of a transcriptional reporter for the pathway (Fig. 3F) (92). Com-
plete ablation of P~Ksslp was not seen in the ire]A mutant.
Quantitation of relative band intensities by ImageJ showed an
~2.5-fold reduction in P~Kss1p levels in the ire] A mutant across
multiple trials. YPSI expression was induced during growth in
galactose in an Irelp-dependent manner (Fig. 3G). The expres-
sion of yapsins and the cellular responses showed some differences
depending on whether cells were experiencing a glycosylation de-
fect or carbon source limitation, which indicates (as one might
expect) that the two conditions elicit different cellular responses.
The above-described results collectively show that the UPR regu-
lates the cleavage of Msb2p and the filamentous-growth pathway
during a nutritional response.

Irelp regulates filamentous growth and biofilm/mat forma-
tion. The fact that the UPR regulates the filamentous-growth
pathway suggests a role for this pathway in regulating differentia-
tion to the filamentous cell type. Filamentous growth in yeast in-
volves changes in the cell cycle, cell adhesion, and cell polarity (93,
94). To evaluate the role of Irelp in regulating filamentous
growth, the ireIA mutant was compared to MAPK pathway mu-
tants (msb2A and stel2A) in assays used to evaluate the filamen-
tous-growth response. The plate-washing assay measures cell in-
vasion into agar surfaces (13). The ire] A mutant was defective for

FIG 2 Irelp regulates Msb2p cleavage and filamentous-growth pathway activity by regulating YPSI expression in response to protein glycosylation deficiency.
(A) Msb2p cleavage in wild-type cells and the pmi40-101 mutant grown with (YEPD + Man) or without (YEPD) mannose in combination with the irel A mutant.
(B) YPSI expression was determined by qPCR and adjusted to ACT1 levels as a control. The indicated strains were grown in YEPD (—Man) or YEPD plus Man
medium (+Man) for RNA preparation and qPCR analysis. The asterisk refers to a P value of <0.05. (C) P~Kss1p levels in the pmi40-101 and pmi40-101 irelA
double mutant. (D) P~Ksslp levels in the pm#4A and pm#4A irel A double mutants grown in YEP-GAL. (E) P~Kssl1p levels for an Irelp C-terminal truncation.
(F) UPRE-lacZ activity was determined by (-galactosidase assays for the indicated strains and conditions. Experiments were performed in duplicate, and the
average values are shown. Error bars represent the standard deviations between trials. The asterisk refers to a P value of <0.05. (G) In vitro pulldown of
HA-Msb2p expressed in the pmi40-101 mutant in YEPD (with or without mannose) with the luminal domain of Irelp, called cLD-Irelp-GST. Input, pulldown,
and coelutions are shown. (H) Msb2p with insertion of tandem repeats, MBP, or GFP shown. GFP-1 was inserted at residue 324, resulting in an in-frame deletion
of aa 324 to 326. GFP-2 was inserted at residue 246 and resulted in a deletion of aa 246 to 539. MPB was inserted at residue 324 without deletion of amino acid
residues. (I) MAPK activity was assessed by an Msb2p-dependent reporter (FUSI-lacZ, which in %1278Db ste4 strains shows Msb2p dependence [15]). Differences
are expressed as fold differences compared to those of wild-type cells. Error bars represent standard deviations between trials, which varied by less than 10%.
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FIG 4 Role of Irelp in regulating invasive growth, biofilm/mat formation, and other MAPK pathways that share components with the filamentous-growth
pathway. (A) Wild-type, msb2A, irel A, and stel2A strains were spotted onto YEPD medium. After 48 h, the plate was photographed, washed, and photographed
again to reveal invaded cells. (B) Single-cell assay showing the growth after 16 h of strains on synthetic medium lacking glucose. Arrowheads refer to examples
of distal-unipolar buds. Bar, 15 pm. (C) Biofilm/mat formation. Wild-type cells and irelA and flo11A mutant cells were spotted on YEPD and YEP-GAL media
(0.3% agar) for 3 days. (D) Phosphorylation of Fus3p in response to a-factor in wild-type cells and the ireIA mutant. (E) Phosphorylation of Hoglp in wild-type
cells and the ire] A mutant exposed to 0.4 M KCl for 10 min in wild-type cells and an ssk1A background.

invasive growth by the plate-washing assay (Fig. 4A). The invasive
growth defect of the ire]A mutant resembled that of the msb2A
mutant, whose defect was not as severe as that of the steI2A mu-
tant, which is completely defective for MAPK signaling. The sin-

gle-cell invasive growth assay allows for a quantitative measure of
the changes in cell length and cell polarity (budding pattern) that
accompany the filamentation response (30). The single-cell assay
showed that the ire] A mutant was defective for cell elongation and

FIG 3 Irelp regulates cleavage of Msb2p and the filamentous-growth pathway during growth in galactose. (A) UPRE-lacZ activity for the indicated strains and
conditions (TUN, 2.5 pg/ml tunicamycin). The experiment was performed in duplicate. Error bars represent the standard deviations between trials. *, P < 0.05;
**, P < 0.09. (B) Immunoblot of elutions from ConA columns showing HA-Msb2p migration on low-percentage acrylamide gels (6% SDS-PAGE) under the
indicated conditions. (C) Immunoblots of HA-Msb2p migration (top, anti-HA, 6% SDS-PAGE gel), Msb2p cleavage (anti-GFP immunoblot Msb2"p), P~Kss1p
levels, and total protein levels (anti-Pgklp) of extracts from cells grown in glucose (GLU, YEPD), galactose (GAL, YEP-GAL), or TUN (YEPD plus 2.5 pg/ml
tunicamycin). (D) Immunoblots showing Msb2p cleavage in wild-type cells (WT) and the ireIA mutant. The anti-HA antibodies were used to evaluate
HA-Msb2p, and GFP antibodies were used to evaluate Msb2"p-GFP. (E) P~Kss1p levels in wild-type cells (WT) and the irel A mutant incubated in YEPD (GLU)
and YEP-GAL (GAL) medium. Numbers refer to fold differences relative to the loading control determined by assessing band intensity by Image]J. (F) FRE-lacZ
expression in the wild type and irelA and steI2A mutants grown in YEP-GAL for 12 h. The experiment was performed in duplicate. Error bars represent the
standard deviations between experiments. *, P < 0.05. (G) YPS1-lacZ expression in the wild-type and irelA strains in YEPD (GLU) and YEP-GAL (GAL) medium
at 24 h. The experiment was performed in duplicate. Error bars represent the standard deviations between experiments. *, P < 0.05.
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distal-pole budding (arrowheads) to the same extent as the stel2A
mutant (Fig. 4B). These phenotypes are controlled by the filamen-
tous-growth pathway (94). Thus, Irelp regulates filamentous
growth in yeast.

Yeast and other microbial species form biofilms/mats to facil-
itate spreading across surfaces (95, 96). Biofilm/mat formation
was examined on YEPD and YEP-GAL media. On YEPD, the
ire] A mutant was modestly defective for the expansion of bio-
films/mats based on visual inspection of colonies (Fig. 4C). Bio-
film/mat formation in yeast requires the cell adhesion flocculin
Flo11p (57). The flo11A mutant showed a complete defect in bio-
film/mat formation (Fig. 4C). On YEP-GAL, the ire]A mutant
showed a full defect in biofilm/mat formation (Fig. 4C), which
may result (at least in part) from its growth defect under this
condition.

Other regulators of the UPR and other QC pathways were also
evaluated. Haclp is the major transcription factor of the UPR that
is activated by Irelp during ER stress (56, 97). The haclA mutant
exhibited the same phenotype as the ire]A mutant by the plate-
washing assay (see Fig. S2A in the supplemental material). The
irelA and haclA mutants showed an equivalent defect in filamen-
tous-growth pathway activity as assessed by a growth reporter (see
Fig. S2B). Lhslp is a target of the UPR that functions as an ex-
change factor for the ER chaperone Hsp70p (98-100). The lhsIA
mutant showed a defect in invasive growth (see Fig. S2A), al-
though not to the same extent as the irelA and haclA mutants.
The ER-associated degradation pathway (ERAD) also regulates
the response to protein misfolding in the ER by removing proteins
from the ER for degradation in the proteosome (101). A major
component of ERAD is Hrd1p (102). The hrdIA mutant was not
defective for invasive growth (see Fig. S2C), which indicates that
ERAD is not a major regulator of filamentous growth.

The filamentous-growth MAPK pathway is composed of pro-
teins that also regulate other MAPK pathways (14, 27, 103). Irelp
was tested for roles in regulating the mating and HOG pathways.
The ire] A mutant was not defective for mating based on the phos-
phorylation of the MAPK Fus3p in response to pheromone (Fig.
4D). The HOG pathway is composed of two branches, the Sholp
branch and the SIn1p branch (104, 105). The ire]l A mutant and the
irelA ssk1A double mutant (that lacks the Sln1p branch) were not
defective for HOG pathway activation in response to osmotic
stress based on phosphorylation of the MAPK Hoglp (Fig. 4E).
Therefore, the UPR does not play a major role in regulating the
mating pathway. Activation of the HOG pathway does occur in
response to galactose, which also requires Irelp (58). The results
shown here bring to light a new role for the UPR in regulating
fungal behavioral responses through the regulation of a differen-
tiation (ERK-type) MAPK pathway.

Role of the filamentous-growth pathway in regulating the
response to low nutrient availability. We have previously shown
that the filamentous-growth pathway contributes to the viability
of the pmi40-101 mutant (32). The filamentous-growth pathway
was tested for a broader role in the response to low nutrient levels.
The filamentous-growth pathway contributed to viability of the
pmt4A mutant, where the pmt4A ste]2A double mutant was more
defective for growth than the single mutants (pm#4A and stel2A
mutants) alone (Fig. 5A). This is indicative of a genetic interaction
between the two pathways (106). The filamentous-growth path-
way also contributed to viability of the ire]lA mutant (Fig. 5B).
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Thus, the filamentous-growth pathway and the UPR share a func-
tion that is important for survival on poor-carbon-source media.

What role might the filamentous-growth pathway play? To be-
gin to address this question, the activity of the UPR was compared
in cells lacking or overproducing filamentous-growth pathway
components. Cells lacking an intact filamentous-growth pathway
showed reduced UPRE-lacZ activity (Fig. 5C, stel2A). Cells over-
expressing Msb2p, which activates the filamentous-growth path-
way (15), showed an increase in UPRE-lacZ activity (Fig. 5D).
Both of these changes were dependent on Irelp (Fig. 5C and D).
These results demonstrate that the filamentous-growth pathway
promotes the activity of the UPR during growth in galactose.
Moreover, the data suggest that positive feedback occurs between
the two pathways: the UPR regulates the activity of the filamen-
tous-growth MAPK pathway, and the MAPK pathway acts up-
stream or in parallel with the UPR by regulating UPR activity. The
filamentous-growth pathway was not found to show responses to
every UPR stressor (e.g., DTT [H. Adhikari and P. J. Cullen, un-
published results]), so its role in promoting the UPR response
may be specific for the conditions tested here.

We also found that treatment of cells grown to saturation with
Tun caused cells to be longer in appearance (Fig. 5E). Actin stain-
ing with the dye rhodamine-phalloidin confirmed that cells exhib-
ited enhanced polarized growth under this condition (Fig. 5E,
arrows refer to the polarized actin cytoskeleton). The filamentous-
growth pathway regulates cell polarity (94) and the cell cycle
(107), which contribute to changes in cell length. The elongated
morphology induced by Tun was dependent on Irelp (Fig. 5E,
irelA) and the filamentous-growth pathway (Fig. 5E, stel1A). The
filamentous-growth pathway regulates cell polarity through the
formin Bnilp (108, 109). Bnilp was required for the elongated
morphology induced by Tun (Fig. 5E). The cyclin Clnlp is a tran-
scriptional target of the filamentous-growth pathway (107) and
also was required (Fig. 5E). Thus, in response to an established
inducer of the UPR, the filamentous-growth pathway controls a
morphogenetic response that involves changes in the cell cycle and
cell polarity.

Msb2p can be proteolytically processed in the secretory
pathway. Protein glycosylation occurs in the ER and Golgi com-
partments (37). The UPR functions in the ER (60). Underglyco-
sylated Msb2p may be proteolytically processed in the endomem-
brane system. To test this possibility, protein trafficking was
arrested at specific points along the secretory pathway with con-
ditional (temperature-sensitive; ts) mutants (Fig. 6A), and cleav-
age of Msb2p was evaluated. Cleavage of Msb2p occurred in most
trafficking mutants tested. These included the seci12-14 mutant
(Fig. 6B and C), the PI kinase mutant pik1-83 (Fig. 6B) (47, 110-
112), and exocytosis mutants (Fig. 6B and D) (113-117). In these
mutants, Msb2p was cleaved more efficiently than in wild-type
cells, possibly due to cotrapping Yps1p and Msb2p in the secretory
pathway or because the turnover of Msb2"p was inhibited (see
below). Yps1p functions at the PM (118) and has been reported to
function in the Golgi apparatus (34, 80, 119). Proteolytic process-
ing of Msb2p in the sec3-2 mutant required Yps1p (Fig. 6B and E).
Residual cleavage of Msb2p in the sec3-2 ypsIA double mutant
may be mediated by other yapsins (28, 33).

The fact that Msb2p can be processed in the secretory pathway
suggested the possibility that it activates the filamentous-growth
pathway from internal compartments. The sec3A mutant showed
reduced activation of the filamentous-growth pathway by galac-
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tose (Fig. 6F). The sec3A and other exocyst mutants showed a full
growth defect at 37°C (see Fig. S3A in the supplemental material).
In the exocyst mutant, Msb2p accumulated in a punctate pattern
(see Fig. S3B and C) and was not shed (see Fig. S3D and E). Thus,
Msb2p must be delivered to the PM for full activation of the fila-
mentous-growth pathway.
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Fate of proteolytically processed Msb2p. What is the fate of
proteolytically processed Msb2"p? The proteolytically processed
form of Msb2p is required for filamentous-growth MAPK path-
way activity. Promoter shutoff experiments showed that Msb2"p
was turned over in ~20 min (Fig. 7A). This contrasts with the
stability of the extracellular domain, which has a half-life of ~7
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days (78). To define how Msb2"p is turned over, deletion analysis
of the cytoplasmic domain was performed, which identified sep-
arate regions that control MAPK signaling and turnover (see Fig.
S4 in the supplemental material). The turnover domain of Msb2p
contained three lysines, which are commonly modified by ubiq-
uitin attachment to direct proteins for turnover (120, 121). Site-
directed mutagenesis was used to change the lysines to arginines to
construct Msb2p®1223R KIZ3OR KI245R (1 N[shop3 R Compared to
wild-type Msb2p-GFP (full length [FL]; aa 1 to 1306), which is
found mainly in the vacuole, Msb2p®**-GFP was at the PM (Fig.
7B) and the vacuolar membrane. Msb2p®**-GFP was also pres-
ent at higher levels in the cell (Fig. 7C, Msb2"p) and caused an
increase in filamentous-growth pathway activity (Fig. 7C,
P~Ksslp). These results show that Msb2p is delivered to the
PM. Turnover of Msb2p from the PM attenuates the filamen-
tous-growth pathway.

Rsp5p is an essential HECT-type E3 ubiquitin ligase that reg-
ulates the turnover of most, if not all, PM proteins in yeast (122).
Msb2"p was stabilized in cells containing temperature-sensitive
alleles of RSP5 (Fig. 7D). In the rsp5-1 mutant, Msb2p was not
delivered to the vacuole (Fig. 7E), which indicates that, like for
many proteins (123, 124), Rsp5p is required for the sorting and
turnover of endocytosed Msb2p. Immunoprecipitation of Msb2p-
GFP pulled down ubiquitin-modified forms of the protein (Fig. 7F).
The ESCRT complex is responsible for trafficking ubiquitinated car-
goes from the PM to the endosome (125, 126). Msb2p accumulated
in the multivesicular body (MVB; or prevacuolar compartment) in
ESCRT mutants (Fig. 7E). Thus, Rsp5p and ESCRT regulate the turn-
over of Msb2p.
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DISCUSSION

A prevailing view of mucin-type receptors is that they function at
the PM to sense an (as yet poorly defined) external cue. Here, we
describe an internal activation mechanism for signaling mucins.
We show that proteolytic processing of a signaling mucin in the se-
cretory pathway is controlled by the UPR, a major QC pathway that
operates in the ER. This new view of signaling mucin regulation in-
versely links the glycosylation of mucins to their activity. Our findings
also bring to light a new role for the UPR in regulating an ERK-type
differentiation pathway. Furthermore, we provide evidence for an
ERK-type pathway in contributing to the response to ER stress in
protein glycosylation mutants and during growth on poor carbon
sources. Given that signaling mucins, ERK-type MAPK pathways,
and the UPR are evolutionarily conserved throughout eukaryotes,
these findings may broadly apply to many systems.

We specifically show that underglycosylation of the yeast sig-
naling mucin Msb2p induces its proteolytic processing by a mech-
anism that involves the UPR (Fig. 8). In the model, we propose
that under high-nutrient conditions, Msb2p is highly glycosylated
and poorly cleaved. As a result, the activity of the filamentous-
growth MAPK pathway is low (Fig. 8). Two established triggers of
the filamentous-growth pathway (carbon source depletion and
glycosylation deficiency) lead to underglycosylation of Msb2p,
which is recognized by the UPR regulator Irelp. Irelp controls the
expression of Ypslp, which is the major protease that cleaves
Msb2p (Fig. 8). In this way, Msb2p may transmit signals about
glycosylation status and nutrition by the extent of glycosylation of
its extracellular domain.
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There are several possible ways in which glycosylation may be
tied to its processing. The most direct possibility is that elevated
levels of Yps1p lead to elevated Msb2p processing. A related pos-
sibility is that the loss of specific glycosyl modifications in Msb2p’s
cleavage domain increase accessibility by Ypslp. We do not favor
this possibility, because altered glycosylation in regions of the pro-
tein far from the cleavage domain potently activate the filamen-
tous-growth pathway. Another related possibility is that undergly-
cosylated Msb2p is trapped in the secretory pathway, which
increases Ypslp-dependent proteolysis. Msb2p functions with
other PM proteins, including Sholp and Opy2p. Opy2p also is
glycosylated, but the glycosylation sites of Opy2p are not thought
to play a role in the regulation of the filamentous-growth pathway
(17).

The UPR previously has been tied to the regulation of filamen-
tous growth in a different way. Schroder and colleagues (127, 128)
showed that the UPR plays an inhibitory role in filamentous
growth in cells responding to nitrogen limitation. Thus, the UPR
may play different roles in regulating filamentous growth depend-
ing on the specific nutrient pool that is limited.

An interesting issue raised by the study is whether other glyco-
proteins are regulated by QC pathways in the endomembrane
system. There are well-established connections between stress re-
sponse and protein- and lipid-linked oligosaccharide metabolism
(71, 129). Stress- and nutrient-dependent changes in oligosaccha-
ride levels can trigger the UPR (83-86). Given that highly specific
changes in glycosylation regulate diverse proteins like Notch
(130), dystroglycan (131-133), amyloid precursor protein (134,
135), and MUCI (136), one can speculate that UPR regulates
these proteins under some conditions. For example, in cancer
cells, the global glycosylation of proteins is impacted (137, 138),
which includes MUCI, a major activator of the proliferative RAS-
MEK-ERK MAPK pathway (9, 139, 140). Aberrantly glycosylated
MUCI and other proteins may be recognized by QC pathways in
this setting, which may impact signaling pathway outputs. It will
be interesting to explore the roles of the UPR and other QC path-
ways in regulating the extent of glycoprotein receptor function.
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