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The SRO7/SOP1 encoded tumor suppressor homologue of Saccharomyces cerevisiae is required for maintenance of ion
homeostasis in cells exposed to NaCl stress. Here we show that the NaCl sensitivity of the sro7A mutant is due to defective
sorting of Enalp, the main sodium pump in yeast. On exposure of sro7A mutants to NaCl stress, Enalp fails to be targeted
to the cell surface, but is instead routed to the vacuole for degradation via the multivesicular endosome pathway.
SRO7-deficient mutants accumulate post-Golgi vesicles at high salinity, in agreement with a previously described role for
Sro7p in late exocytosis. However, Enalp is not sorted into these post-Golgi vesicles, in contrast to what is observed for
the vesicles that accumulate when exocytosis is blocked in sec6-4 mutants at high salinity. These observations imply that
Sro7p has a previously unrecognized role for sorting of specific proteins into the exocytic pathway. Screening for
multicopy suppressors identified RSN1, encoding a transmembrane protein of unknown function. Overexpression of
RSNI1 restores NaCl tolerance of sro7A mutants by retargeting Enalp to the plasma membrane. We propose a model in
which blocked exocytic sorting in sro7A mutants, gives rise to quality control-mediated routing of Enalp to the vacuole.

INTRODUCTION

Targeted delivery of secretory vesicles to discrete regions of
the plasma membrane is essential for establishment and
maintenance of cell polarity (Nelson and Yeaman, 2001;
Pruyne et al., 2004). The tumor suppressor lethal(2)giant lar-
vae (Lgl) has an important role in establishing cell polarity in
developing Drosophila embryos (Wodarz, 2000; Humbert et
al., 2003; Bilder, 2004). Homozygous inactivation of the Igl
gene results in improper targeting of selected epithelial
transmembrane proteins to their correct apical destination
(Bilder et al., 2000; Hutterer et al., 2004; Wirtz-Peitz and
Knoblich, 2006), leading to defects in apical-basal polarity.
Lgl also plays an important role in asymmetric cell division
by contributing to the polarization of cytosolic fate determi-
nants in mitotic neuroblasts (Ohshiro et al., 2000; Peng et al.,
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2000; Betschinger and Knoblich, 2004). Lgl deficiency there-
fore results in improper cell fate specification and failure to
differentiate correctly. The loss of cell polarity in Ig/ mutants
is proposed to be a primary reason for disruption of larval
tissue organization and for the massive overgrowth of the
larval brain and the imaginal discs (Bilder, 2004). Hence, Lgl
appears to be involved in a pathway that coordinates pro-
tein sorting, cell polarity, and growth control.

The Lgl protein is the founding member of a growing
family of WD-40 repeat proteins conserved in eukaryotes
ranging from yeast to man (Tomutsune et al., 1993; Strand et
al., 1995; Koyama et al., 1996; Kagami et al., 1997; Larsson et
al., 1998; Grifoni et al., 2004). Studies in yeast have provided
clues to the molecular function of these proteins, implicating
involvement in late stages of polarized secretion (Kagami et
al., 1998; Lehman et al., 1999; Gangar et al., 2005; Zhang et al.,
2005). Current models state that a conserved multisubunit
complex, known as the exocyst, assembles as cargo vesicles
arrive at the exocytic sites, establishing the primary connec-
tion between the plasma membrane and the secretory vesicle
(TerBush et al., 1996; Guo et al., 2000; Wiederkehr et al., 2004).
After this vesicle tethering, the coiled-coil SNARE (soluble
N-ethylmalemide-sensitive factor attachment protein recep-
tor) proteins, opposed on vesicle (v-SNAREs) and target
membranes (t-SNAREs), form a complex that mediates a
short-range interaction between the vesicle and plasma
membranes. Studies in yeast have revealed that the two
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yeast Lgl homologues Sro7p and Sro77p (also named Soplp
and Sop2p) interact with myosins (Kagami et al., 1998,
Gangar et al., 2005) components of the exocyst (Lehman et al.,
1999; Zhang et al., 2005; Grosshans et al., 2006), and Sec9p
(Lehman et al., 1999; Gangar et al., 2005), a t-SNARE protein
involved in docking of post-Golgi transport vesicles with the
plasma membrane. Deletion of both SRO7 and SRO77 leads
to a cold-sensitive phenotype (Kagami et al., 1998) that is
characterized by defective secretion and intracellular accu-
mulation of post-Golgi vesicles (Lehman et al., 1999).

We isolated the yeast SOP1/SRO7 gene (hereafter referred
to as SRO7) by complementation of a salt-sensitive Saccha-
romyces cerevisine mutant (Larsson et al., 1998; Wadskog et al.,
2004). Mutants having a deleted SRO7 gene are specifically
sensitive to NaCl stress and exhibit increased intracellular
levels of Na™ when exposed to high NaCl media. The sro7A
sro77A double mutant is hypersensitive to NaCl, and this
phenotype is partially rescued by ectopic expression of the
Drosophila Igl gene, indicating functional conservation of the
homologues (Larsson et al., 1998). The primary pathway for
sodium export in S. cerevisize occurs via the plasma mem-
brane P-type ATPase encoded by the ENA1/PMR2 gene
(Garciadeblas et al., 1993; Wieland et al., 1995). Expression of
ENAL1 is vital for maintenance of intracellular ion homeosta-
sis in salt-stressed yeast cells and is subject to a complex
network of regulatory interactions involving not only salt or
pH stress but also general metabolic processes (Serrano et al.,
1999; Wadskog and Adler, 2002). A second Na™ extrusion
system in S. cerevisiae is the cation/proton antiporter en-
coded by NHA1 gene (Prior et al., 1996; Banuelos ef al., 1998).
This transporter becomes important for Na* efflux only at
acidic external pH values, whereas its expression does not
seem to be controlled by salt stress or changes in pH.

In this article, we demonstrate that the salt sensitivity of
sro7A mutants is due to failure of the ENAI-encoded sodium
pump to be expressed on the cell surface. Instead, Enalp is
diverted for vacuolar degradation in a manner dependent
on ubiquitin ligase and the vacuolar protease Pep4p. The
observed mis-targeting of Enalp in salt-stressed mutants is
accompanied by accumulation of secretory vesicles. How-
ever, defective sorting only appears to involve a fraction of
the vesicle-cargo-proteins. A number of plasma membrane
proteins examined are correctly sorted in salt-stressed sro7A
mutants. We have also identified a novel gene, RSN1, which
functions as a multicopy suppressor of the salt-sensitive
growth of sro7A mutants by restoring targeting of Enalp to
the cell surface. We postulate that Sro7p is involved in the
molecular machinery required for targeting of Enalp to the
plasma membrane and that Enalp is identified by the Golgi
quality control system and rerouted to the vacuole for deg-
radation in the absence of Sro7p.

MATERIALS AND METHODS

Strains, Plasmids, and Growth Conditions

All strains and plasmids used in this study are listed in Tables 1 and 2. The
wild-type strain used in most experiments was W303-1A and the congenic
sro7A mutant was WKL-2A (Table 1). Unless otherwise stated, strains were
grown at 30°C in rich YP media with 20 g/1 of glucose, pH 6.5. Defined CBS
medium was composed as previously described (Verduyn et al., 1992). For salt
induction, appropriate volumes of medium containing 2 M NaCl were added
to the cultures to obtain the final NaCl concentration.

Growth Curves and Drop Tests

For growth curves, E-flasks containing 50 ml of defined CBS medium were
inoculated to an ODg;, of 0.05, using cells from a preculture grown to
stationary phase. The cell cultures were incubated with shaking (180 rpm) at
30°C, unless otherwise stated. ODy,;, was measured once every hour and
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Table 1. Yeast strains
Strain Genotype Source
W303-1A MATa ade2-1 can1-100 R. Rothstein
his3-11,15 leu2-3,112
trp1-1 ura3-1
W303-1B MATa ade2-1 can1-100 R. Rothstein
his3-11,15 leu2-3,112
trpl-1 ura3-1
NY179 MATa leu2-3,112 ura3-52 P. Novick
BY4741 MATa his3 leu2 ura3 Euroscarf
WKL-2A MATa ade2-1 can1-100 Larsson et al. (1998)
his3-11,15 leu2-3,112
trp1-1 ura3-1
sro7::LEU2
WKL-2B MATa ade2-1 can1-100 Larsson et al. (1998)
his3-11,15 leu2-3,112
trp1-1 ura3-1
sro7::LEU2
Y05451 BY4741 sro7:: kanMX4 Euroscarf
Y00852 BY4741 rsnl:: kanMX4 Euroscarf
YN10 MATa ade2oc can1-100 Wieland et al.
his3-11,15 leu2-3,112 (1995)
trp1-1 ura3-1
enal::HIS3
WKL-210 YN10 sro7::LEU2 This study
YIW-2 W303-1B ENAI-3xHA This study
YIW-3 W303-1B pep4::kanMX4 This study
ENA1-3xHA
YIW-4 WKL-2A ENA1::3xHA This study
YIW-5 WKL-2A pep4::kanMX4 This study
ENA1-3xHA
YIW-18 BY4741 end4:: kanMX4 This study
sro7::LEU2
YIW-19 BY4741 vps27:: kanMX4 This study
sro7::LEU2
YIW-20 YIW-18 ENA1-3xHA This study
YIW-21 YIW19 ENA1-3xHA This study
YIW-22 NY786 sro7::LELI2 This study
YIW-23 YIW-22 ENA1-3xHA This study
YCS-1 W303-1B RSN1-CFP This study
RSY255 MAT«a ura3-52 leu2-3,112 R. Sheckman
NY772 MATa leu2-3,112 ura3-52 P. Novick
sec3-2
NY774 MATa leu2-3,112 ura3-52 P. Novick
sec4-8
NY776 MATa leu2-3,112 ura3-52 P. Novick
sec5-24
NY778 MATa leu2-3,112 ura3-52 P. Novick
sec6-4
NY780 MATa leu2-3,112 ura3-52 P. Novick
sec8-9
NY782 MATa leu2-3,112 ura3-52 P. Novick
sec9-4
NY784 MATa leu2-3,112 ura3-52 P. Novick
sec10-2
NY786 MATa leu2-3,112 ura3-52 P. Novick
sec15-1
H1394 NY179 sro7::UUIRA3 This study
H1295 NY772 sro7::URA3 This study
H1396 NY774 sro7::UIRA3 This study
H1296 NY776 sro7::URA3 This study
H1297 NY778 sro7::UUIRA3 This study
H1298 NY780 sro7::URA3 This study
H1397 NY782 sro7::UIRA3 This study
H1299 NY784 sro7::URA3 This study
H1300 NY786 sro7::UIRA3 This study
27061b MATa ura3 trpl Galan et al. (1996)
27064b MATa ura3 trplnpil Galan et al. (1996)
npilsro7 MATa ura3 trplnpil This study
sro7::kanMX4
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Table 2. Plasmids

Plasmid Description/Source

pH/B316 SRO7 cloned in pRS316 [CEN URA3]
(Larsson et al., 1998)

YEpH/B SRO7 cloned in YEplac195 [2p URA3]
(Larsson et al., 1998)

pIW11 ENA1 behind PMAI-promotor in pRS316
(Wieland et al., 1995)

pMPY-HA Plasmid for integrative 3xHA tagging
(Schneider et al., 1995)

pNHA1-GFP NHAI- GFP in pGRU1 (Kinclova et al., 2001)

pVR102 SHO1-GFP (Reiser et al., 2000)

pVR28 PBS2-GFP (Reiser et al., 1999)

PRS314STE2-GFP  STE2-GFP in pRS314 (Stefan and Blumer, 1999)

pDH3 Plasmid containing CFP/KAN integration
cassette (YRC, University of Washington)
pHR81 [2n URA3 LEU2-d] (Nehlin et al., 1989)
PRSN1 RSNT1 inserted in pHR81 (This study)
pUG35 [CEN URA3] (Niedenthal et al., 1996)
pUG35-ENA1 ENA1-GFP behind MET25 promoter
(M. Cyert and V. Heath)
pUG35-GAP1 GAP1-GFP behind MET25 promoter
(This study)
pUG35-SUC2 SUC2-GFP behind MET25 promoter
(This study)
pRS423 [2u HIS3] (ATCC)
PpRS423-RSN1 RSNT1 inserted in pRS423 (This study)
pRS426 [2u URA3] (ATCC)

PpRS426-RSN1 RSNT1 inserted in pRS426 (This study)

plotted versus time. For drop tests, overnight cultures were diluted as de-
scribed, and drops of 8 ul were spotted onto solid agar media.

Northern Blot Analysis

For Northern analysis of ENAT mRNA, cells were grown to midlog phase in
basal medium before being subjected to NaCl stress. Cells were harvested on
ice at time points indicated, and total RNA was isolated by standard proce-
dures. The amount of RNA was determined by spectrophotometry and semi-
quantitatively using ethidium bromide stained agarose gels. Samples contain-
ing 15 ug of total RNA were denatured and run on low formaldehyde (2.5%
vol/vol) agarose gels. Blotting onto positively charged nylon membranes was
preformed by capillary transfer, using 10X SSC as transfer buffer. The filters
were prehybridized for 4 h at 60°C in 5X SSC, 10 mM sodium phosphate (pH
6.5), 10X Denhardt’s solution, 2% SDS, and 100 ug/ml herring sperm DNA.
Hybridization was preformed at 60°C for 8-10 h in the same solution sup-
plemented with 10% PEG4000. Probes were labeled and added at 5 ng/ml.
For detection of the ENAT transcript a 5'-AAT CAT GCA TGG CAA ACG
AGA TTA CT-3' probe, which shows little identity to other ENA genes, was
used. As a loading control we used IPP1T mRNA detected using a 5'-TGT CTG
GTA GTG TAG GTC ATT AGT-3' probe. Signal intensities were quantified
with a Phosphoimager (Molecular Dynamics, Sunnyvale, CA; 425E), using the
manufacturer-supplied program, Image Quant.

Tagging of Enalp

For epitope tagging of the genomic copy of ENAI, a three times-repeated
hemagglutinin (HA) epitope was integrated in the ENAT gene using PCR
amplification of a tag-URA3-tag cassette in the pMPY-HA vector, kindly
provided by Dr. B. Futcher (CSHL; Schneider et al., 1995). The PCR primers
were designed such that 16 bases were complementary to pBluescript se-
quences of pMPY-HA, whereas flanking regions of ~50 bases were comple-
mentary to and in frame with the 3'-end of the ENAI gene. The PCR reaction
was carried out using 50 ng of linearized pMPY-HA, 15 pmol of each primer,
0.5 mM dNTPs, 5 ul 10X PCR buffer 1 (Long template PCR kit, Roche,
Indianapolis, IN) and 0.5 ul DNA polymerase mix (Long template PCR kit,
Roche) in a total volume of 50 ul. The PCR reaction conditions were as
follows: 5 min at 94°C, 1 min at 50°C, 3 min at 72°C for one cycle; 1 min at
94°C, 1 min at 50°C, and 3 min at 72°C for nine cycles. PCR products were
purified by QIAquick PCR Purification kit, (QIAGEN, Chatsworth, CA), and
1 ug of purified DNA was used for transformation. After selection for stable
transformants on medium lacking uracil, positive clones were cultured in
YPD overnight to allow for URA3 gene loop out by recombination between
the repeated epitope regions. Cells from this culture were transferred to
5-fluoro-orotic acid plates (5-FOA, 1.0 g/1), and resistant colonies were ex-
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amined by PCR and Western analysis to confirm correct tagging of ENA1. The
CEN plasmid pUG35-ENA1 containing ENAI-GFP behind the methionine
repressible MET25 promoter was a generous gift from Drs. M. Cyert and
Victoria Heath.

Quantitative PCR

To determine SRO77 expression 0.5 ug of total RNA was used for reverse
transcription using Bio-Rad iScript First Strand Synthesis kit according to the
manufacturers instructions (Richmond, CA). The reaction was scaled down to
10 pl, and each sample was reverse transcribed in duplicate. A pool of
samples was used as control for genomic DNA contamination. For the detec-
tion of SRO77, the forward primer 5-GGGCAAAAGCAAATAGAGGT-3/,
and reverse primer 5'-CAATCAGCATCCAATCCAAG-3’, were used. For the
detection of the control IPP1, the forward primer 5'-CGTAAGCCACCCA-
GAAACTAA-3" and reverse primer 5'-ATCGGTCTCACCTTCATCCA-3',
were used. Quantitative PCR was performed on the Stratagene Mx3005p,
using BD QTaq Polymerase mix with 0.4 uM of each primer and 0.25X SYBR
Green I (Molecular Probes, Eugene, OR). cDNA corresponding to 25 ng of
RNA was used in each PCR reaction. Denaturation for 2 min at 95°C was
followed by 45 cycles of 20s at 95°C, 20s at 60°C, and 20s at 72°C. The
fluorescence detection was performed at the 72°C step. After amplification
dissociation curve analysis was performed to verify the product formed.
Statistic analysis was performed using Excel 2003 (Microsoft, Redmond, WA).
The IPP1 gene was used as a reference to calculate the relative expression of
SRO77.

Western Blot Analysis

For immunoblot analysis cells cultured to midlog phase in YPD medium were
subjected to a step increase in NaCl concentration, and cell samples harvested
by centrifugation were frozen in liquid nitrogen. To lyse the cells, pellets were
resuspended in 2 M NaOH (300 ul/ODy;,,) and incubated on ice for 10 min.
The cell suspensions were then neutralized by the addition of trichloroacetic
acid to a final concentration of 40%. Before a subsequent 10 min incubation on
ice, cells were centrifuged and washed twice in 1 M Tris-HCl, pH 8.0 and
resuspended in 2X Laemmli buffer (100 mM Tris-HCl, pH 6.8, 8% SDS, 40%
glycerine, 2% mercaptoethanol, 0.005% bromophenol blue). Samples corre-
sponding to 10 ml of ODg,;q = 0.5 were incubated at 50°C for 5 min, loaded
onto 10% polyacrylamide criterion gels (Bio-Rad), resolved by SDS-PAGE,
and blotted onto nitrocellulose membranes. After transfer, the filters were
stained for 5 min in Ponceau S and washed with distilled H,O to observe the
quality of the transfer and check the total amount of protein. HA-tagged
Enalp was detected using anti-HA antibodies (Roche) at 1:2000 dilution as the
primary antibody and anti-mouse HRP-conjugated antibody (Roche) at 1:4000
dilution as the secondary antibody. Blots were developed using Lumi-light
chemiluminescence detection system (Roche). Immunoblot analysis of Bgl2p
(Adamo et al., 1999) and Ssol/2p and Sncl/2p (Lehman ef al., 1999) was
performed as previously described.

Tagging of Rsnlp, Gaplp, and Suc2p with Fluorescent
Tracers

Genomic tagging of RSN1 with the cyan fluorescent protein (CFP) was con-
ducted according to the procedure described by the Yeast Resource Center,
University of Washington (http://depts.washington.edu/~yeastrc). The in-
tegration cassette from plasmid pDH3 was amplified by PCR with the fol-
lowing primers: 5'-GCG GAC CCA AAG TAT AAG GAA GAA GAG AGT
CGT TCG GCA GTG GTC GAC GGA TCC CCG GG-3' and 5'-AAA CAA
ATA GGA ATA GAT AAT TTC TGA TAA TGT TTA ACC TTT AGA TCG
ATG AAT TCG AGC-3’, which contain sequences from the 3" end of the RSN1
gene (underlined) and sequences from the pDH3 plasmid. Wild-type cells
were transformed with the PCR product and plated on selective YPD G418
medium. Positive clones were further verified by PCR. Finally the region of
integration was sequenced to ascertain that the proper reading frame was
used.

To tag Gaplp by green fluorescent protein (GFP) on its C-terminus, PCR
was used to synthesize a fragment containing the GAPI coding sequence
lacking its stop codon. The primers used were 5'-AAA AAA CCC GGG ATG
AGT AAT ACT TCT TCG TA and CGG AGT ATC GAT ACA CCA GAA ATT
CCA GAT TC-3', containing Smal and Clal restriction sites, respectively.
After digestion, the fragment was cloned into the plasmid pUG35 (URA3 CEN
plus gene encoding the yeast-enhanced GFP), which was cleaved with corre-
sponding enzymes, to produce the GAPI-GFP fusion. The construct was
confirmed by restriction enzyme analysis and fluorescence microscopy.

Tagging of Suc2p by GFP on its C-terminus was performed by the same
procedure using the primers 5'-AAA AAA ACT AGT CTC TCA GAG AAA
CAA GCA-3' and 5-AAA AAA GAA TTC CTT CCC TTA CTT GGA AC-3’
to generate a SUC2 fragment flanked by Spel and EcoR1 restriction sites. The
fragment was cloned into the pUG35 plasmid as described for pUG35-GAP1.

Fluorescence Microscopy

Cells taken from exponential growth phase in defined media were subjected
to conditions as described in Results and viewed with the Leica DMRXA
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microscope (Deerfield, IL) using a Fluotar lens and the Leica 513852 filter for
GFP or CFP fluorescence. To obtain a representative picture of the appearance
of the average cell in the culture >1000 cells were observed for each condition
shown. Photographs were captured using a Hamamatsu ORCA cooled CCD
camera (Bridgewater, NJ). For N-[3-triethylammoniumpropyl]-4-[p-diethyl-
aminophenylhexatrienyl] pyridinium dibromide (FM4-64, Molecular Probes)
labeling of yeast vacuoles, exponentially growing cells were incubated at 30°C
with 32 uM FM4-64 for 15 min, followed by washing and resuspension in
fresh medium for 1-1.5 h (Vida and Emr, 1995), before expression of ENA1
was induced.

Confocal Microscopy

The CFP-tagged cells were imaged using a laser scanning confocal unit
(MRC1024, Bio-Rad) mounted on the side port of an inverted microscope
(TE-300, Nikon, Melville, NY). The CFP was excited using a fiber-coupled
blue diode laser (405 nm). The samples were imaged using a 100X Plan Fluor
objective (Nikon) with a numerical aperture of 1.3. A longitudinal resolution
of 1.2 um was obtained by means of the adjustable confocal pinhole. Because
of the weak CFP signal a 405-nm Raman Notch Filter (FWHM 10 nm; Melles
Griot, Rochester, NY) was used to prevent the excitation light of reaching the
detector. Thus, no additional emission filters was used. The signal was
collected by using a five-frame Kalman collection filter. Relative fluorescence
was measured using LaserPix software (Bio-Rad).

Electron Microscopy

Wild-type and sro7A strains were grown to midlog phase in YPD at 25°C.
Cells were shifted for 2 h in YPD or YPD/0.6 M NaCl media and processed
for electron microscopy (EM) as described previously (Adamo et al., 1999).

Secretion Assays

Bgl2p secretion assays were performed as described previously (Adamo et al.,
1999). The examined strains were grown to midlog phase in YPD at 25°C and
then shifted to YPD or YPD + 0.6 M NaCl media for 2 h. Invertase secretion
assays were performed with cells transformed with the pUG35-SUC2 plasmid.
Cells were grown to midlog phase in CBS medium at 25°C and then incubated
for 2 h in methionine-free CBS or CBS + 0.6 M NaCl media to de-repress
SUC2 expression. Invertase secretion was assayed as previously described
(Lehman ef al., 1999).

Suppressor Screen

To isolate multicopy suppressor genes of sro7A salt sensitivity, the mutant
strain was transformed with the pHR81-based yeast genomic library (Nehlin
et al., 1989). Transformants were first selected on YNB plates lacking uracil
and then replica plated onto YPD containing 0.7 M NaCl. Positive clones,
which contained plasmid inserts that restored growth of the sro7A mutant at
high salinity, were isolated. After plasmid rescue and retransformation, li-
brary inserts were partially sequenced and compared against the yeast ge-
nome database via BLAST searches. For those inserts containing multiple
open reading frames (ORFs), each ORF was subcloned into pRS426 and
transformed into sro7A. A total of ~12,000 transformants were screened.

Subcellular Fractionation

To localize Rsnlp by fractionation, wild-type W303-1B cells harboring CFP
tagged Rsnlp were grown to ODg;, 0.5-1.0 in 200 ml YPD medium. Cells
were washed by centrifugation and resuspended in twice the pellet volume of
resuspension buffer (R-buffer), containing 50 mM Tris, pH 7.5, 5 mM EDTA,
Complete protease inhibitor cocktail (Boehringer Mannheim, Germany, 1
tablet per 50 ml cell extract), and 0.1 M KCL. Four volumes of glass beads (0.5
mm &) were added, and the cells were then processed in a bead beater four
times for 30 s. Unlyzed cells were removed by centrifugation at 500 X g for 5
min at 4°C. The lysate was divided into three aliquots and diluted with an
equal volume of either R-buffer, R-buffer with 2.0 M KCl, or R-buffer with 2%
Triton X-100. Centrifugation at 10,000 X g for 10 min resulted in pellets (P10)
and supernatants (510). P10 was resuspended in R-buffer, and S10 was further
centrifuged at 100,000 X ¢ for 1 h in a Beckman TL-100 ultracentrifuge
(Berkeley, CA). The resulting pellets were resuspended in R-buffer. Aliquots
containing equal amounts of cell material were boiled for 1 min in 2X
Laemmli buffer (see above) and loaded to 10% Tris-HCI criterion gels (Bio-
Rad). Immunoblot analysis was performed as previously described for
Enalp-HA using anti-GFP as the primary antibody (kindly provided by Dr.
Pam Silver).

Post-Golgi vesicles were isolated as previously described (Brennwald et al.,
1994; Lehman et al., 1999). Briefly, wild-type cells and sro7 mutants were
cultured to midlog phase in YPD medium and shifted for 2 h in YPD or YPD +
0.6 M NaCl media at 25°C. Harvested cells were spheroplasted and lysed, and
a P3 membrane fraction enriched in post-Golgi vesicles was prepared by
differential centrifugation (Walworth and Novick, 1987). This fraction was
resuspended and layered onto a 20-40% sorbitol velocity gradient that was
fractioned as described previously (Brennwald et al., 1994). The presence of
the vesicle marker Sncl/2p and Enalp-HA were determined by immunoblot-
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Figure 1. Growth of wild-type and sro7A strains in the presence
and in the absence of NaCl stress. E-flasks containing complete
minimal CBS media supplemented with 0 or 0.5 M NaCl at pH 4.0
or pH 7.0 were inoculated from overnight cultures of wild-type
(W303-1A) or sro7A (WKL-2A) cells to an ODy;,, of 0.05. Growth was
monitored by following ODy,.

ting followed by quantitation on a LI-COR Odyssey Infrared imaging system
(Cincinnati, OH).

RESULTS

The NaCl Sensitivity of the sro7A Mutant Is Due to
Defective Enalp Stability Rather than Defective ENA1
Expression

We have previously observed that mutants having a deleted
SRO7 gene show increased sensitivity to NaCl (Larsson et
al., 1998). As demonstrated in Figure 1, this sensitivity is
strongly dependent on the pH of the growth medium. At
acidic pH, the sro7A mutant showed wild-type growth be-
havior both in saline and nonsaline medium. At neutral pH,
however, the presence of 0.5 M NaCl caused a significantly
stronger growth inhibition of the mutant strain. S. cerevisiae
uses two different transport systems to export Na*, the
NHAI-encoded Na*/H* antiporter (Banuelos et al., 1998)
and the ENAI-encoded Na*-extruding ATPase (Garciade-
blas et al., 1993; Wieland et al., 1995). Because Nhalp is active
at low pH, whereas Enalp has its optimum activity around
neutral pH, we anticipated that ENAI might be a prime
target for the effects of the SRO7 deletion. We therefore
analyzed ENA1 expression by Northern blot analysis (Figure
2A). Total RNA was extracted from wild-type and sro7A
mutant cells at various time points after addition of NaCl to
0.5 M concentration to cultures growing exponentially in
YPD medium. In wild-type cells there was a rapid, transient
transcriptional induction of the ENAI gene, reaching its
maximum 30 min after the salt shock, followed by a return
to low expression levels. The expression profile of the sro7A
mutant was very similar to that of wild-type cells, indicating
that the salt-sensitive phenotype is not a consequence of
defective ENAT expression.
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Figure 2. The sro7A mutant shows wild-type expression of ENAI, and its salt tolerance is not improved by overexpression of ENAI. (A)
Northern blot analysis of ENAT expression after shift of exponentially growing wild-type (W303-1A) or sro7A (WKL-2A) strains to medium
containing 0.5 M NaCl. Total RNA was extracted from cells and harvested at time points indicated. Each sample contains extract from the
same number of cells. Transcript levels were first normalized to control mRNA (IPP1) and then presented relative the wild-type value at 30
min. (B) Drop-test monitoring growth of enalA and enalA sro7A mutants, carrying the pRS316 empty control plasmid and the same plasmid
containing the ENA1 gene behind the strong PMA1 promoter (Wieland et al., 1995). Tenfold dilutions of CBS cultures of ODy;, 1.0 were
spotted onto CBS and CBS + 0.5 M NaCl plates. Plates were photographed after incubation for 48 h at 30°C.

To further explore whether enhanced expression of ENAI
might overcome growth inhibition of sr07A in saline media, a
centromeric plasmid, pJW11, driving ENAI expression from
the strong constitutive PMA1T promoter (Wieland et al., 1995),
was introduced into enalA and enalA sro7A mutants. Serial
dilutions of overnight cultures of these strains and control
strains transformed with empty plasmids were spotted onto
solid media with and without salt (Figure 2B). Notably, the
enalA sro7A strain overexpressing ENAT remained as sensitive
to 0.5 M NaCl as the sro7A strain expressing ENA1 from its
native promoter. Similarly, the salt tolerance of sro7A cells was
not enhanced after transformation with a centromeric plasmid
carrying ENA1 controlled by its own promoter or alternatively
expressing a functional ENAI-GFP construct from the strong
MET25 promoter (unpublished data). Thus, salt sensitivity of
the sro7A mutant cannot be rescued by increased expression of
the ENA1T gene.

Having observed wild-type expression of ENAI in sro7A
mutants, we went on to examine the fate of the ENA1T encoded
protein. The genomic copy of ENAT in the wild-type and the
sro7A mutant therefore was modified to encode three HA
epitopes at the C-terminus of the protein (see Materials and
Methods). Yeast cells expressing this tagged protein produced a

4992

protein detectable with HA antibodies on immunoblots, with
an apparent molecular weight of ~130 kDa. The tagged wild-
type strain maintained its original salt tolerance, and the HA
tagged sro7A mutant showed wild-type salt tolerance after
reintroduction of the SRO7 gene on a plasmid, indicating that
the tagged protein was functional in both strains (unpublished
data). A first indication that lack of the SRO7 gene affects the
stability of Enalp came from immunoblot analysis of extracts
of the sro7A mutant (Figure 3A). This analysis failed to detect
any HA-tagged Enalp 5 h after the mutant had been shifted to
medium containing 0.5 M NaCl. In similar experiments with
mutants transformed to contain the SRO7 gene on either a
centromeric or a 2u plasmid, tagged Enalp was clearly detect-
able. We therefore performed a time-course study of the Enalp
fate in exponentially growing wild-type and sro7A strains
shifted to medium of increased salinity. In wild-type cells the
Enalp levels increased after the shift to 0.5M NaCl, and after
long-time incubation (12 h) there was a massive accumulation
of Enalp (Figure 3B). However, in sro7A mutants the Enalp
level initially increased as in wild-type cells, but then declined
to undetectable levels >4 h after the salinity shift (Figure 3B).
These observations suggest that maintained stability of Enalp
is dependent on a functional Sro7p.
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Figure 3. The stability of Enalp is dependent on SRO7. (A) Im-
munoblot analysis of Enalp-HA expressing sro7A mutants trans-
formed with and empty plasmid (pRS316), a CEN-SRO7 plasmid
(pH/B316), and a 2u-SRO7 plasmid (YEpH/B). Cells were cultured
to midlog phase, exposed to 0.5 M NaCl for 5 h, harvested, and
analyzed for the presence of Enalp-HA. (B) A time-course study of
the appearance of Enalp-HA in wild-type and sro7A cells, after
exposure to medium containing 0.5 M NaCl. Cell samples were
withdrawn at stages indicated in the growth curve (arrows), and
total protein extracts were analyzed for presence of Enalp-HA. For
immunoblot analysis protein extracts were subjected to SDS-PAGE
in 10% polyacrylamide gels. All lanes were loaded with identical
amounts of total protein. Blotted filters were analyzed for Enal-HA
by primary mouse anti-HA antibodies and secondary HRP-conju-
gated anti-mouse antibodies (Roche).
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We also examined the possibility that salt stress might
perturb expression of the iso-gene SRO77 such that sro7A
plus salt generates a sro7A sro77A phenotype. The SRO77
expression was, however, little affected by shifting wild-type
cells or sro7A mutants to medium containing 0.6M NaCl
(Supplementary Figure S1).

Enalp Is Sorted in a MVE-dependent Way from Internal
Compartments to the Vacuole in Salt-stressed sro7A
Mutants

Most major pathways for degradation of membrane proteins
terminate in the vacuole (Katzmann et al., 2002; Horak,
2003). To investigate the fate of Enalp in the sro7A mutant,
we therefore constructed the sro7A pep4A double mutant, in
which vacuolar protease activity is diminished due to dele-
tion of the gene for the master protease, Pep4p (Jones, 1991).
If SRO7 deficiency results in sorting of Enalp to the vacuole
for degradation, the levels of Enalp would be expected to
remain unchanged in the sro7A pep4A mutant lacking active
vacuolar hydrolases. This prediction was supported by im-
munoblot analysis (Figure 4A). After shift to increased sa-
linity, the sro7A pep4A mutant maintained wild-type levels of
Enalp at time points when levels were clearly reduced in the
sro7A single mutant. We conclude that Enalp in salt-stressed
sro7A mutants is diverted to the vacuole and subjected to
Pep4p-dependent protease degradation.

S. cerevisiae has multiple secretory pathways leading to the
vacuole, which originate from the endoplasmic reticulum
(ER), Golgi, or the plasma membrane (Wendland et al., 1998).
To delineate the pathways by which Enalp is diverted to the
vacuole in cells lacking SRO7, we constructed sro7A mutants
that were blocked in specific steps in secretory or degrada-
tion pathways. If Enalp is sorted to the vacuole via the cell
surface, the sodium transporter should be stabilized in an
end4A mutant, because of inhibited internalization from the
plasma membrane. However, immunoblot analysis revealed
equal instability of Enalp in salt-stressed end4A sro7A mu-
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Figure 4. Inactivation of the vacuolar protease Pep4p
stabilizes Enalp, but does not rescue growth of sro7A
mutants on NaCl media. Time-course study of
Enalp-HA levels in (A) pep4A, sro7A and pep4A sro7A 0
mutants and (B) sro7A, end4A sro7A, sec15-1 sro7A and

ups27A sro7A mutants after exposure of cells to medium
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time points indicated, and total protein extracts were O
analyzed for presence of Enalp-HA by immunoblot

analysis. The sec15-1 sro7A (ts) mutant was incubated at

34°C during salt treatment to inactivate Sec15-1p with-

out causing total growth arrest. Immunoblot analysis

was performed as described in Figure 3 and Materials

and Methods. (C) Drop-test monitoring growth of sro74,
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tants as in sro7A mutants (Figure 4B), suggesting sorting to
the vacuole occurs independent of the plasma membrane.
Similar results were obtained with the sec15-1 sro7A mutant,
which is conditionally blocked in a late stage of the secretory
pathway. The experiments were performed at 34°C where
the temperature-sensitive sec15-1 mutant displays growth
inhibition, but not a complete growth arrest. After 3-5-h
incubation at 0.5 M NaCl Enalp disappeared from the im-
munoblots of the sec15-1 sro7A mutant (Figure 4B), as for the
sro7A single mutant, indicating that Enalp is routed to the
vacuole at steps preceding the Secl15p-mediated tethering of
post-Golgi vesicles for subsequent membrane fusion. By
contrast, Enalp remained as stable in a sr07A vps27A mutant
(Figure 4B), as in a sro7A pep4A mutant. Mutants defective in
VPS27 are blocked in exit from prevacuolar/endosomal
compartments and trap ubiquitinated vacuolar and recy-
cling proteins in endosomes of the so-called MVE (multive-
sicular endosomes; Bilodeau et al., 2002) pathway. Taken
together, our results suggest that in NaCl-stressed sro7A
mutants Enalp is sorted from Golgi to the vacuole via the
MVE pathway and does not pass via the plasma membrane.

Missorting in sro7A Mutants Is Exacerbated by NaCl
Stress

Despite the stabilization of Enalp in the sro7A pep4A and
sro7A vps27A mutants no obvious differences in salt toler-
ance were observed between these strains and the sro7A
mutant (Figure 4C). Hence, stabilization of Enalp was not
sufficient per se to restore the salt tolerance of sro7A
mutants. This suggests the cell is incapable of sorting
Enalp correctly to the plasma membrane in the absence of
SRO7, even when Enalp remains stable. This result agrees
with the previous observation that overexpression of the
ENAI gene does not improve salt tolerance of the sro7A
mutant (Figure 2B).

To further study the fate of Enalp in wild-type cells and
sro7A mutants, we used the pUG35-ENA1 plasmid (gift from
M. Cyert) containing an ENAI-GFP insert driven by the me-
thionine-repressible MET25 promoter. The expression of
ENAI-GFP from this plasmid restores wild-type NaCl toler-
ance of enalA mutants (unpublished data), demonstrating that
the Enalp-GFP fusion is functional. This construct allowed us
to examine the influence of salt stress on Enalp secretion,
because ENA1T expression can be induced without NaCl expo-
sure. Transformants of wild-type and sro7A cells cultured at
repressing methionine concentration (0.5 mM) were washed
free of methionine to de-repress ENAI-GFP expression and
incubated in CBS medium with and without 0.6 M NaCl.
Fluorescence microscopy of these transformants showed that
Enalp-GFP, independent of salinity, gradually accumulated in
the periphery of wild-type cells, first appearing around the rim
of the bud or in the bud neck of the cells (Figure 5A). A similar
pattern was observed in nonstressed sro7A mutants. However,
in sro7A mutants subjected to 0.6 M NaCl stress, the GFP
staining was coincident with the lumen of the vacuoles, as
visualized by costaining with the vital dye FM4-64, which
stains the delimiting vacuolar membrane (Vida and Emr, 1995).
These experiments confirmed routing of Enalp to the vacuolar
lumen in sr07A mutants and also demonstrate that the sorting
into the endosomal pathway for vacuolar degradation is de-
pendent on NaCl stress.

Because sorting of Enalp from Golgi to the vacuole appears
dependent on the MVE pathway, we speculated that this traf-
ficking requires Rsp5p-mediated ubiquitinylation, as reported
for transporters such as Furdp (Galan et al., 1996), Gaplp
(Helliwell et al., 2001), and Tat2p (Beck ef al., 1999). In a
sro7Anpil double mutant, which expresses only low levels of
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the essential ubiquitin-protein (E3) ligase Rsp5p (Hein et al.,
1995), Enalp-GFP was mis-sorted at high salinity to the limit-
ing membrane of the vacuole rather than to the vacuolar lumen
(Figure 5B). Because ubiquitinylation is a signal for delivery of
cargo to the internal vesicles of MVEs, inhibited ubiquitinyla-
tion may lead to cargo accumulation in the MVE-limiting
membranes, which ultimately fuses with the vacuolar mem-
brane (Katzmann et al., 2002). Thus, the observed Enalp-GFP
distribution indicates requirement of ubiquitinylation for cor-
rect sorting of Enalp to the vacuole.

Genetic Interactions between SRO7 and Late Secretory
Mutants

Lehman ef al. (1999) reported that overexpression of SRO7
partially suppressed the temperature-sensitive phenotypes of
mutations in SEC3, SECS, SEC10, and SEC15, all of which
encode subunits of the exocyst. However, high copy number
suppression can also be the result of rather indirect interac-
tions. We therefore tested if the sro7A knockout shows syn-
thetic interactions with temperature-sensitive sec3-2, sec4-8,
sec5-24, sec6-8, sec8-9, sec9-4, sec10-2, and sec15-1 mutations, by
disrupting the SRO7 gene in the corresponding sec strains and
testing growth at different temperatures. As shown in Figure 6,
we saw clear evidence of synthetic interactions between sro7A
and sec3-2, sec8-9, sec10-2, and sec15-1 at both 34 and 36°C,
which, interestingly, are the same mutations that were sup-
pressed by overexpression of SRO7 (Lehman et al., 1999). For
sec4-8, we saw a very weak synthetic interaction with sro7A at
30°C, whereas no interactions were detected between sro7A
and sec5-24, sec6-8, or sec9-4 (unpublished data). It should be
noted, though, that the stronger phenotypes of these sec muta-
tions, which prevent all growth at 34°C and above, make it
more difficult to detect any synthetic interactions.

The Salt Sensitivity of sro7A Mutants Is Accompanied by
a Late Secretory Defect and the Accumulation of
Post-Golgi Secretory Vesicles

The genetic interactions described above as well as previous
studies with sro7A sro77A mutants have shown that these
proteins have a critical function in Rab-SNARE-mediated
vesicle docking/fusion with the plasma membrane (Lehman
et al., 1999; Grosshans et al., 2006). However, none of these
studies examined the effect of high salt on the in vivo func-
tion of Sro7p in the cell. To explore this directly, we exam-
ined the secretory capacity of sro7A after exposure to 0.6 M
NaCl. We first examined the secretion of the exoglucanase
Bgl2p, a marker for one class of post-Golgi vesicles that
delivers proteins to the cell surface (Harsay and Bretscher,
1995). Although the secretory capacity of wild-type cells is
unaffected by exposure to salt, we find a dramatic defect in
the surface delivery of Bgl2p (seen as a rise in internal pools)
in sro7A mutants exposed to 0.6 M NaCl medium, whereas
unstressed mutants showed a secretory capacity similar to
that of wild-type cells (Figure 7A). Several attempts were
made to determine the effect of salt on invertase secretion in
sro7A cells. Unfortunately the presence of 0.6 M NaCl com-
pletely blocked the ability of sro7A mutants to de-repress
invertase expression in low-glucose medium. We therefore
inserted SUC2 behind the de-repressible MET25 promoter in
a pUGB35 plasmid that was transformed into wild-type cells
and sro7A mutants. Assays for invertase secretion were then
performed with cells incubated for 2 h at 25°C in methionine-
free medium containing 0.6 M NaCl. These experiments re-
vealed no significant difference in invertase secretion between
sro7A and isogenic wild-type cells (unpublished data). A cargo-
specific secretory defect is not unprecedented because we have
previously shown that the cdc42-6 mutant also demonstrates a
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Figure 5. Mis-sorting of Enalp in sro7A mutants is
exacerbated by NaCl stress and is dependent on the
ubiquitin ligase Rsp5p. (A) Wild-type cells and sro7A
mutants transformed with the pUG35-ENA1 plasmid,
expressing Enalp-GFP from the MET25 promoter, were
cultured overnight in CBS medium containing 0.5 mM
methionine. These cultures were used to inoculate iden-
tical fresh medium, and cells were cultured to midlog
phase before being stained for 15 min with the vital dye
FM4-64, to visualize vacuolar membranes. The cells
were then washed, resuspended in fresh medium, and
incubated for another 1.5 h before being washed again
and transferred to methionine-free medium with and
without 0.6 M NaCl. Removal of methionine induces
expression of Enalp-GFP from the MET25 promoter.
Samples were removed and photographed at the times
indicated. (B) Wild-type cells, sro7A single mutants, and
sro7Anpil double mutants, which express low levels of
RSP5, were treated as in A and incubated for 2 h in
methionine-free medium at 0.6 M NaCl. Yellow regions
indicate Enalp-GFP and FM4-64 colocalization.
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pronounced defect in Bgl2p secretion, whereas invertase secre-
tion is normal (Adamo ef al., 2001).

To determine more precisely the step in secretion effected
by the exposure of sro7A mutants to high salt, we examined
wild-type cells and sr07A mutants by thin-section electron
microscopy (Adamo et al., 1999), after incubation for 2 h in
YPD medium with and without 0.6 M NaCl. Cells showing
a defective Golgi-to-plasma membrane delivery are known
to accumulate 80-100-nm secretory vesicles (Novick ef al.,
1980). As expected, wild-type cells displayed few post-Golgi
vesicles in the presence or absence of exposure to 0.6 M
NaCl (Figure 7B). Although sro7A mutants show only a
small increase in vesicles in normal media, when shifted to
0.6 M NaCl, sro7A mutants demonstrate a dramatic increase
in the accumulation of 80-100-nm vesicles (Figure 7, B and
C). This phenotype was highly penetrant (>55% of cells with
>10 vesicles) and, unlike the cdc42-6 mutant (Adamo et al.,
2001), there was no obvious correlation between vesicle
accumulation and bud size (G. Rossi and P. Brennwald,
unpublished observation).

To further characterize these vesicles as post-Golgi vesi-
cles, velocity sedimentation analysis was performed. Lysates
derived from spheroplasts of wild-type cells and sec6-4 and
sro/A mutants having the chromosomal ENAI gene modi-
fied to carry the 3xHA tag were layered onto sorbitol gra-
dients as described previously (Adamo et al., 2001). All
strains were shifted into 0.6 M NaCl media for 2 h to induce
expression of Enalp and the secretory defect associated with
sro7A cells. As a positive control for a late secretory block,
we shifted sec6-4 cells (containing Enal-HA) into 0.6 M NaCl
(to induce Enal-HA) and then shifted the cells to 37°C for
2 h to impose the late secretory block. After centrifugation
fractions were analyzed for Enalp-HA, the vesicle marker
Sncl/2p, and Bgl2p (unpublished data) by immunoblot
analysis. The results, shown in Figure 8A (top graphs),
strongly support the observations seen by EM and demon-
strate sro7A mutants have a pronounced accumulation of
post-Golgi vesicles (marked by Sncl/2p) in response to 0.6
M NaCl. We find these vesicles have a mobility (compare
top graphs left and right) in the gradients that are identical
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36°C

sro7A

Figure 6. Genetic interaction between SRO7 and var-
ious SEC genes. The SRO7 gene was disrupted in vari-
ous sec mutants, and temperature sensitivity was mon-
itored at different temperatures. Top row represents
growth of wild-type (NY179) and sro7A (H1394) strains
at 22, 34, and 36°C. The following rows display growth
of different sec single mutants (left column) and the
corresponding sro7A sec double mutants (right column).
Genetic interactions are revealed as increased tempera-
ture sensitivity of double mutants. Plates were photo-
graphed after incubation for 48 h at the indicated tem-
peratures.

to those that accumulate in sec6-4 cells, which is consistent
with the EM and secretion results above. Finally we find that
a peak of the periplasmic enzyme Bgl2p appears in the sro7A
gradients (but not in wild-type gradient), which is coinci-
dent with the peak of Sncl/2p that appears in sro7A cells
(unpublished data)—demonstrating that the accumulation
of internal pools of Bgl2p in this mutant is due to a post-
Golgi secretory defect.

To examine the effect of sro7A on sorting of Enalp into
post-Golgi vesicles, we first determined if salt-induced
Enalp-HA was found associated with the more conventional
sec6-4 vesicles. As is shown in Figure 8A (bottom graphs), we
find a major peak of Enalp-HA that comigrates with the peak
of Sncl/2p in these gradients. This peak depends on a late-
secretory block because it disappears in an isogenic wild-type
strain. We then examined whether Enalp-HA was associated
with the post-Golgi vesicles that accumulate in response to salt
in a sro7A strain. In this case we found that Enalp-HA was not
detectable in the peak of Sncl/2p- and Bgl2p-containing vesi-
cles, which accumulate in this strain. Therefore, although
Enalp-HA is properly sorted into post-Golgi vesicles accumu-
lated in response to a sec6-4 mutant (shifted to high tempera-
ture), Enalp-HA is not detectably sorted in post-Golgi vesicles
that accumulate in response to a sro7A mutant (shifted to high
salt). Therefore sro7A cells show two salt-sensitive defects, one
that results in accumulation of post-Golgi vesicles and a second
(earlier) defect that prevents the proper sorting of Enalp-HA
into these vesicles.

We next examined the effect of Enalp sorting by a late
block in secretion by following the distribution of Enalp-
GFP in wild-type and late sec mutants. Wild-type (RSY255),
sec4-8 and sec6-4 strains were transformed with the pUG35-
ENAT1 plasmid and incubated in basal medium at permissive
(25°C) and restrictive (37°C) temperature after de-repression
of ENAI-GFP expression (Figure 8B). Restrictive conditions
clearly blocked delivery of Enalp-GFP to the cell surface in
the sec mutants, as opposed to the seemingly intact secretion
at the permissive temperature. However, the blocked secre-
tion did not result in any obvious vacuolar sorting of accu-
mulated Enalp-GFP, instead GFP fluorescence remained as
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Figure 7. The sro7A mutant exhibits secretion defects and accumulation of post-Golgi vesicles at high salinity. (A). Secretion of Bgl2p. Assays
were performed on isogenic wild-type and sro7A stains after a 2-h shift to YP medium with 0.6 M NaCl (+NaCl) or YP medium without
added NaCl. The results show the internal accumulation of Bgl2p as a percentage of the total Bgl2 in the cell. (B) Electron microscopy of cells
from WT and sro7A strains after a 2-h shift to YP medium with 0.6 M NaCl show that sr07A mutant cells accumulate 80-100-nm post-Golgi
vesicles in the bud. This accumulation depends on the addition of salt, because no vesicles accumulate in sro7A cells in the absence of a salt
stress. (C) Quantitation of the secretory vesicle accumulation in sro7A cells after a 2-h shift to 0.6 M NaCl/YP. Cells were scored for severity
and penetrance of the secretory defects. The bar graph on the left shows the accumulation of vesicles in the indicated strains, expressed as
vesicles per cell, and was determined by the number of 80-100-nm vesicles observed per cell per thin section. The graph on the right shows
the penetrance of the vesicle accumulation expressed as the number of cells containing more than 10 vesicles per cell. A minimum of 100 cells
were used for the quantitation of each strain.
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a punctate haze in the cytosol, indicating stalled Enalp
traffic in the secretory system. A similar distribution of Enal-
GEFP fluorescence was recorded for sec mutants when exper-
iments were repeated at 0.6 M NaCl. Hence, a block at a late
stage in exocytosis does not promote vacuolar targeting of
Enalp even when cells are exposed to high salinity.

We were unable to identify any obvious mis-targeting in
NaCl-exposed sro7A mutants for a number of other GFP-
tagged membrane proteins selected for analysis by micros-
copy. This analysis revealed an apparently correct targeting
of the constitutively expressed sodium-proton anti-porter
Nhalp in NaCl-stressed sro7A mutants (Figure 9). Similarly,
a GFP-tagged version of Gaplp, expressed from the heter-
ologous MET25 promoter, showed a distribution in NaCl-
stressed sro7A mutants similar that of wild-type cells. Gaplp
is thought to be carried by a class of post-Golgi vesicles
distinct from the high-density Bgl2p carrying vesicles (Rob-
erg et al., 1997). Similarly, other GFP tagged proteins exam-
ined, i.e., the polarly localized Sholp and Ste2p, as well as
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Figure 8. (A) Accumulation of post-Golgi vesicles marked
with Sncl/2p but not Enalp in sro7A mutants shifted to
high salt. Vesicle gradients of 20-40% sorbitol were per-
formed on sro7A and isogenic wild-type strains after 2 h of
growth in media with 0.6 M NaCl to induce both expression
of HA-tagged Enal as well as the sro7A growth defect. As a
positive control HA-Enalp was introduced into a sec6-4
strain, which was grown in 0.6 M NaCl for 2 h (to induce
HA-Enalp) before shifting temperature to 37°C to induce
the late secretory block. Normalized lysates from each strain
were then layered onto the velocity gradients. Post-Golgi
vesicles were detected by immunoblotting with rabbit anti-
Sncl/2p antisera. HA-tagged Enalp was detected with
mAb 12CA5. Western blots were quantitated using an Od-
yssey InfraRed imaging system. (B) Enalp is not retargeted
to the vacuole after blocked exocytosis in late sec mutants.
Wild-type (RSY255) cells and sec6-4 and sec4-8 mutants
transformed with the pUG35-ENA1 plasmid, expressing
Enalp-GFP from the MET25 promoter, were cultured over-
night in CBS medium and treated as described in legend to
Figure 5 except that transferred cells were incubated at 25 or
37°C in the methionine-free medium with and without 0.6
M NaCl. Samples were removed and photographed 2 h after
start of the final incubation.

the membrane associated Pbs2p (Stefan and Blumer, 1999;
Reiser et al., 2000), maintained a typical wild-type-like dis-
tribution in sro7A mutants even during salt stress (unpub-
lished data for the Ste2p and Pbs2p localization). We con-
clude that sro7A mutants exposed to salt stress accumulate
post-Golgi vesicles and restrict Enalp delivery to the plasma
membrane, but that the surface delivery of other proteins
examined is partly or insignificantly inhibited. Thus, loss of
SRO? affects transport of only specific proteins, which is in
agreement with the observation that alternative pathways
exist for the transport of membrane proteins to the plasma
membrane (Harsay and Bretscher, 1995; Roberg et al., 1997;
Harsay and Schekman, 2002).

Overexpression of the RSN1 Gene Suppresses Salt
Sensitivity of the sro7A Mutant

To find new genes that could fully or partially substitute for
SRO7, sro7A mutants were used to select multicopy suppres-
sors that restored growth at high salinity. To this end sro7A
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Figure 9. Localization of selected GFP-
tagged transmembrane proteins in wild-type
and sro7A cells after a shift to high salinity.
Cells were grown to midlog phase and then
exposed to medium containing 0.5 M NaCl for
3 h before photography. Top, Nhalp-GFP,
which localizes to the plasma membrane (Ban-
uelos et al., 1998), shows a similar distribution
in salt-stressed wild-type cells (left) and sro7A
mutant cells (right). To express Nhalp-GFP,
cells were transformed with the pGRU1 plas-
mid (Kinclova ef al., 2001). Middle, Sholp-GFP
displays a similar pattern of polarized local-
ization in NaCl-stressed wild-type and sro7A
mutant cells, being concentrated in the grow-
ing bud and at the mother-bud neck as previ-
ously reported (Reiser et al., 2000). Bottom,
Gaplp-GFP expressed from the MET25 pro-
moter in the pUG35-GAPI plasmid exhibits
similar distribution in salt-stressed wild-type
and sro7A mutant cells. Gaplp shows distri-
bution to ER and the plasma membrane as
reported for wild-type cells growing under
nonstress conditions (Roberg et al., 1997).

Nhalp-GFP

Sho1p-GFP

Gaplp-GFP

mutants were transformed with the pHR81-based yeast
genomic library (Nehlin ef al., 1989), plated on selective
medium and after incubation replica-plated to high-salinity
media. By this screen we identified three genes, including
the SRO7 gene, which restored sro7A salt tolerance when
retransformed into the mutant cells. The other two genes are
so far uncharacterized and were named RSN-genes, for res-
cue of sro7 at high NaCl. Four independently isolated plas-
mids had inserts containing the ORF YMR266w, henceforth
referred to as RSNI. This ORF encodes a protein of 953
amino acids containing 11 putative transmembrane regions
(http:/ /www.yeastgenome.org/) and belongs to a family of
membrane-bound or -associated proteins of unknown func-
tion. Multicopy plasmids (pHR81 and pRS426) containing

Wild type [2p vector]

GFP filter

Tumor Suppressor Homologue Sro7p

sro7 mutants

Wild type

_
Bright field GFP filter Bright field

RSN1 and the corresponding empty plasmids were trans-
formed into wild-type, sro7A, rsn1A, and enalA strains, and
growth was scored on selective agar plates with different salt
concentrations (Figure 10). The rsnIA mutant displayed tol-
erance to NaCl similar to that of wild-type cells, whereas
overexpression of RSN1 specifically rescued growth of the
sro7A mutant at high salinity. This suppression was obvi-
ously not due to any Na™*-protecting activity by Rsn1p itself,
because multicopy expression of RSN1 in enalA cells did not
improve salt tolerance of these highly NaCl sensitive mu-
tants (Figure 10).

For further characterization of Rsnlp, we modified the chro-
mosomal gene to encode a cyan fluorescent protein (CFP) at
the carboxy terminus of the protein. Confocal microscopy

CBS -ura

o0

CBS -ura 1.2M NaCl

Figure 10. The RSNI gene rescues growth of the sro7A
mutant at high salinity. Cultures of wild-type (BY 4741),
rsnlA, sro7A, and enalA mutant strains transformed
with the 2u plasmid pRSN1 or the empty vector pR5423
were spotted in 10-fold dilutions onto defined CBS me-
dium with or without NaCl as indicated, the first spot
representing ODy,, 0.1. Plates were incubated for 48 h at
30°C before photography.
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Rsnlp is a plasma membrane protein and multicopy expression of RSN1 reroutes Enalp to the cell surface in NaCl-stressed sro7A

mutants. (A) Transmission image and fluorescence intensity distribution of CFP-tagged Rsnlp in wild-type cells as analyzed by confocal
microscopy. The graph shows a line profile of the fluorescence intensity measured along the black line indicated in the figure. The tagged
protein is clearly concentrated in the bud neck region (corresponding to the peak at 6 um). (B) Subcellular fractionation of cells expressing
Rsnlp-CFP. Total protein extract was centrifuged at 10,000 X ¢ and 100,000 X g to separate soluble cytosolic proteins from pelletable
structures. P10, 10,000 X g pellet; P100, 100,000 X g pellet; S100, supernatant from 100,000 X g centrifugation. (C) Rsnlp-CFP localizes to a
membrane fraction. Cell lysates were treated with 0.1 M KCl, 1.0 M KCl, or 1% Triton X-100. Pellet and supernatant fractions were then
separated by centrifugation at 100,000 X g. Rsn1p-CFP was detected by SDS-PAGE followed by immunoblotting using an anti-GFP antibody.
(D) Immunoblot analysis of Enalp-HA levels in sr07A mutants containing a control plasmid or a multicopy RSN1 plasmid. Cells were grown
to exponential phase and shifted to medium containing 0.6 M NaCl before sampling at indicated time points. Immunoblot analysis was
preformed as described in Figure 3 and Materials and Methods. Total proteins were extracted by alkaline cell lysis, and Enalp-HA was detected
by SDS-PAGE and immunoblotting with anti-HA antibody. Each sample represents an equal amount of total protein. (E) Fluorescence images
of sro7A mutants transformed with the pUG35-ENAT1 plasmid expressing Enalp-GFP from the MET25 promoter and the pRS5423 empty vector
(left) or the pRS423-RSN1 vector (right) Cells cultured on defined medium containing 1 mM methionine and washed before transfer to

methionine-free 0.5 M NaCl medium. Photographs were taken after 3-h incubation in the saline medium.

demonstrated that the fluorescence localized along the cell
perimeter (Figure 11A). The intensity distribution of the fluo-
rescence also demonstrates a clear concentration of the tagged
protein to the bud neck region. Consistent with the microscopic
observations, subcellular fractionation detected the majority of
Rsnlp-CFP in the 10,000 X g fraction and the remainder sedi-
mented in the 100,000 X g fraction (Figure 11B). To investigate
the association of Rsn1p-CFP with the sedimenting fractions,
protein extracts were incubated with 1.0 M KCl or 1% Triton
X-100 before centrifugation at 100,000 X g. As shown in Figure
11C, Rsnlp-CFP could not be extracted from the pellet with
KCl, whereas treatment with detergent resulted in an almost
complete recovery of Rsnlp-CFP in the soluble fraction. These
results confirm a membrane location for the protein and sug-
gest that Rsnlp is an integral membrane protein in agreement
with the existence of several putative transmembrane domains
in its sequence.

5000

Increased Expression of RSN1 Enhances Enalp Stability in
sto7A Mutants and Retargets the Protein to the Plasma
Membrane

Because extra copies of RSNT1 restore salt tolerance of the sro7A
mutant (Figure 10), we wanted to examine the effects of the
suppression on the fate of Enalp. Therefore sro7A mutants
carrying a HA-tagged Enalp were transformed with a multi-
copy plasmid containing RSN1 and a corresponding empty
plasmid. Immunoblot analysis of extracts from NaCl-exposed
transformants demonstrated that Enalp levels are stably main-
tained in sro7A mutants overexpressing RSN1, whereas Enalp
becomes gradually degraded in transformants carrying the
empty plasmid (Figure 11D). Multicopy expression of RSN1 in
NaCl-stressed sro7A mutants carrying the ENAT-GFP plasmid
pUG35-ENA1 showed redistribution of Enalp from the interior
to the cell perimeter, similar to the distribution seen in wild-
type cells (Figure 11E). These results strongly suggest that the
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basis for suppression of the NaCl sensitivity of sro7A mutants
is retargeting of Enalp to the plasma membrane and indicate a
Sro7p-like role for Rsnlp in membrane traffic.

DISCUSSION

Previous work has shown that deletion of the yeast SRO7 gene
produces a NaCl-sensitive phenotype and a disrupted
Na™ /K™ balance in cells subjected to NaCl stress (Larsson et
al., 1998). Here we demonstrate that the NaCl sensitivity of
sro7A mutants is due to defective targeting of the ENAI gene
product to its final destination in the plasma membrane. The
ENAI1 gene encodes a salinity-induced sodium transporter that
belongs to the family of ion-transporting P-type ATPases and
constitutes the main pathway for sodium export in yeast (Haro
et al., 1991; Haro et al., 1993; Wieland et al., 1995). In cells lacking
Sro7p the salt-induced sodium pump becomes degraded be-
fore the arrival at the plasma membrane, because additional
mutations in the sro7A background that blocked Golgi to
plasma membrane transport (sec15) or inhibited internalization
from the cell surface (end4), did not prevent Enalp degrada-
tion. The loss of Enalp in sro7A mutants is caused by retarget-
ing to the vacuole (Figures 4A and 5), probably via the MVE
pathway because degradation of Enalp does not occur in sro7A
ups27A mutants (Figure 4B). Vps27p mediates, in conjunction
with the ESCRT complexes (endosomal sorting complex re-
quired for transport), sorting of ubiquitinylated membrane
proteins destined for degradation in the vacuole (Bilodeau et
al., 2002; Katzmann et al., 2003). The fact that Enalp remains
improperly targeted in sro7A mutants even when the ENA1
gene is overexpressed, strongly suggests that trafficking of
Enalp to the cell surface involves Sro7p-dependent sorting and
does not occur by default mechanisms. Although it is still an
open question whether yeast plasma membrane proteins can
be targeted to the vacuole by a default mechanism, studies
have shown that ubiquitinylation mediates sorting of specific
plasma membrane proteins from Golgi into the MVE pathway
in response to nutritional signals (Helliwell et al., 2001; Ume-
bayashi and Nakano, 2003). Ubiquitinylation defective sro7A
mutants carrying the npil/rsp5 mutation diverted Enalp-GFP
to the vacuole limiting membrane, whereas sro7A single mu-
tants effectively sorted Enalp-GFP to the vacuole lumen (Fig-
ure 5B). Rsp5p belongs to a family of evolutionarily conserved
ubiquitin ligases with multiple functions (Shearwin-Whyatt et
al., 2006), one of which being the tagging of selected membrane
proteins for entry into the intralumenal MVEs (Katzmann et al.,
2002). Hence, our results are consistent with a requirement for
ubiquitinylation to direct Enalp from Golgi into the MVE
pathway. There is also evidence for a Golgi-based quality con-
trol mechanisms playing a role for rerouting of mis-folded or
defective plasma membrane proteins into the endosomal/vac-
uolar pathway for degradation (Chang and Fink, 1995; Jenness
et al., 1997; Zhang et al., 2001; Arvan et al., 2002). Mis-sorting of
Enalp may result from a defect in a number of steps from
Golgi to the cell surface, ranging from defective cargo packag-
ing or vesicle budding to a blocked recognition of cargo deter-
minants at the site of exocytosis. Interestingly, salt-stressed
sro7A mutants accumulate bona fide post-Golgi vesicles, sug-
gesting that inhibited or restricted exocytosis may be a reason
for the rerouting of Enalp into the MVE pathway. Previous
work has shown that a fraction of Sro7p is attached to the
plasma membrane (Larsson et al., 1998; Lehman ef al., 1999),
and Sro7p interacts physically with Sec9p, a plasma membrane
t-SNARE protein (Lehman ef al., 1999). SRO7 interacts further-
more genetically with genes encoding subunits of the exocyst
(Figure 6 and Lehman et al., 1999), and Sro7p was recently
shown to interact directly with the Exo84p component of the
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exocyst complex (Zhang et al., 2005) and to serve as an effector
of the Sec4p GTPase (Grosshans et al., 2006). Hence, there is
strong evidence for a role of Sro7p in late exocytosis. Although
cellular processes that identify targeting determinants at the
plasma membrane remain uncharacterized (Mayor and Riez-
man, 2004), exocyst- and SNARE-interacting proteins might
well play a role. It is likely that sites of active exocytosis require
mechanisms to ensure that the correct cargo molecules are
destined to the proper membrane sites. In fact, SNAREs are
implicated in cargo sorting functions in the ER, where they
might serve as primers for cargo capture (Springer and Schek-
man, 1998; Morsomme et al., 2003). However, absence of Enalp
in the post-Golgi vesicles that accumulate in salt-stressed sro7A
mutants (Figure 8A) suggests that Enalp is routed to the vac-
uole before being sorted into late secretory vesicles. This con-
clusion is also supported by the finding that a temperature-
induced block of late exocytosis in sec6-4 mutants does not
prevent Enalp from being sorted into post-Golgi vesicles, and
the imposed block does not provoke vacuolar routing of Enalp
(Figure 8B). These data clearly suggest that Sro7p fulfils a so far
unrecognized role for delivery of Enalp into post-Golgi vesi-
cles and that loss of SRO7 leads to identification of this cargo
protein for transport to and destruction in the vacuole. Exclu-
sion from the normal sorting machinery may affect conforma-
tional characteristics and/or expose targeting signals that lead
to recognition by the Golgi quality control system. Such detec-
tion may in turn initiate tagging of the protein for subsequent
degradation via the MVE pathway. This scenario is in agree-
ment with the transient appearance of Enalp in NaCl-stressed
sro7A mutants (Figure 3B). The fact that both mis-sorting of
Enalp and accumulation of post-Golgi vesicles are restricted to
sro7A mutants exposed to NaCl stress suggests that Sro7p, both
at the cell surface and in its proposed Golgi role, is involved in
mechanisms that become destabilized and sensitive to ion-
mediated stress by Sro7p deficiency.

Analysis of secretory vesicles from exocytic (Harsay and
Bretscher, 1995) and vacuolar protein-sorting mutants (Harsay
and Schekman, 2002) has identified vesicle populations with
different physical characteristics and carrying different cargo
molecules, indicating that exocytosis can follow at least three
different routes in yeast. The only obvious phenotype of the
sro7A mutant is its sensitivity to NaCl stress (Larsson et al.,
1998), suggesting vacuolar mis-sorting is highly specific for
Enalp. This view is supported by the observation that plasma
membrane-associated proteins representing both a constitu-
tive plasma membrane localization (Nhalp-GFP; Banuelos et
al., 1998) and a polarized distribution that changes during the
cell cycle (Sholp-GFP; Reiser et al., 2000) appear to show
proper membrane targeting in sro7A mutants exposed to salt
stress (Figure 9). Similar results were observed for Gap1lp-GFP
when expression was induced simultaneously with the NaCl
stress. However, the significant accumulation of post-Golgi
vesicles in salt-stressed sr07A mutants and the strong secretory
defect for Blg2p, a marker for light density vesicles, demon-
strates a defect in the docking and fusion of transport vesicles
with the cell surface (Figures 7A and 8A). These findings
suggest that there is no general sorting defect for plasma mem-
brane proteins in salt-stressed sro7A mutants but that delivery
of specific cargo molecules becomes restricted dependent on
cargo characteristics or the pathway used.

The Drosophila Sro7p counterpart, the Lgl tumor suppressor
has been suggested to fulfill a role similar to Sro7p in late
exocytosis (Bilder et al., 2000; Bilder, 2004; Wirtz-Peitz and
Knoblich, 2006). Lgl associates with the lateral membrane of
polarized epithelia and is required to properly localize apical
proteins and adherence junctions to organize the epithelial
architecture in embryos (Manfruelli et al., 1996; Bilder, 2004).
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Miisch et al. (2002) showed that a Lgl homologue in Madin-
Darby canine kidney cells (MIgl) becomes associated with the
lateral membrane as the cells make cell-to-cell contacts and
establish a polarized phenotype. The membrane-bound Migl
coimmunoprecipitated with the basolateral t-SNARE syntaxin
4, suggesting a specific role for Mlgl in basolateral exocytosis in
polarized epithelial cells. Mlgl (Gangar et al., 2005) and Lgl (I.
Wadskog, unpublished results and Larsson et al., 1998) substi-
tute for Sro7p when expressed in sro7A or sro7A sro77A mu-
tants, indicating the homologues participate in a highly con-
served function. The ability to rescue the salt sensitivity of
these mutants along with the ability to bind SNARE proteins
may indicate that metazoan Lgl proteins have retained these
dual functions in Golgi and endosomal cargo sorting and exo-
cytic vesicle fusion.

Our search for multicopy suppressors of the sro7A salt sen-
sitivity identified the previously uncharacterized RSN1 gene.
Overexpression of RSN1 stabilizes Enalp (Figure 11) restores
its sorting to the cell surface and also restores NaCl tolerance.
RSN1 encodes a 108-kDa protein, belonging to the yeast facil-
itator superfamily. Deletion of RSN1 does not produce any
obvious phenotype and overexpression of RSN1 does not im-
prove salt tolerance of enalA mutants, indicating that Rsnlp
per se cannot substitute for mis-targeted Enalp. According to
the localization experiments (Figure 11), Rsnlp is an integral
membrane protein localized to the cell periphery, in particular
to the bud-neck region. This distribution is reminiscent of that
of Sro7p, which is along detected along the cell perimeter
(Larsson et al., 1998; Lehman et al., 1999). Sro7p also coimmu-
noprecipitates with Myolp (Kagami ef al., 1998), a type II
myosin that colocalizes with the actin ring in the bud neck
(Lippincott and Li, 1998). Hence, the distribution of Rsnlp is
consistent with a role in late exocytosis and in agreement with
its ability to substitute for the Sro7p function. How exactly
Rsnlp contributes to the reestablished cell surface targeting of
Enalp vesicles remains to be determined.

We have here presented evidence for a novel function of
the yeast tumor suppressor homologue Sro7p that is re-
quired for sorting of Enalp into Golgi-derived vesicles des-
tined for the cell surface. The precise mechanism by which
Sro7p exerts this function is at present unknown; however,
identification and characterization of proteins regulating the
functions of Sro7p may help to elucidate these mechanisms.
These studies on the roles of Lgl proteins in protein sorting
and polarized vesicle docking or fusion, may provide im-
portant information on how polarity is established and how
cells sort plasma membrane proteins to specific domains on
the cell surface or within the cell.
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