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The v-SNARE proteins Snclp and Snc2p are required for fusion of secretory vesicles with the
plasma membrane in yeast. Mutation of a methionine-based sorting signal in the cytoplasmic
domain of either Sncp inhibits Sncp endocytosis and prevents recycling of Sncp to the Golgi after
exocytosis. sncl-M43A mutant yeast have reduced growth and secretion rates and accumulate
post-Golgi secretory vesicles and fragmented vacuoles. However, cells continue to grow and
secrete for several hours after de novo Snc2-M42A synthesis is repressed. DPLI, the structural
gene for dihydrosphingosine phosphate lyase, was selected as a high copy number sncl-M43A
suppressor. Because DPLI also partially suppresses the growth and secretion phenotypes of a snc
deletion, we propose that enhanced degradation of dihydrosphingosine-1-phosphate allows an
alternative protein to replace Sncp as the secretory vesicle v-SNARE.

INTRODUCTION

The budding of a transport vesicle from a donor organelle
followed by fusion of the vesicle with a target organelle
allows the transfer of membrane constituents and soluble
cargo between the organelles of the secretory and endocytic
pathways. The fusion step requires assembly of a SNARE
complex between a v-SNARE on the transport vesicle and
t-SNAREs on the target organelle (Rothman and Warren,
1994; Nichols et al., 1997). The predominant structural fea-
ture of a SNARE complex is a parallel four helix-bundle that
has transmembrane domains extending from its C terminus
into both the vesicle and target membranes (Sutton et al.,
1998). The hydrophobic interface between the amphipathic
a-helicies that form the helical bundle is interrupted by a
central hydrophilic layer comprising an arginine residue
contributed by the v-SNARE and three glutamine residues
contributed by the t-SNAREs (Sutton et al., 1998). There is
structural homology between assembled SNARE complexes
and the activated conformation of viral fusion proteins, sug-
gesting that SNARE complexes directly catalyze intracellu-
lar membrane fusion (Skehel and Wiley, 1998). In fact, if v-
and t-SNARESs are incorporated into separate populations of
liposomes, these liposomes will fuse when mixed (Weber et
al., 1998). Within the v- and t-SNARE protein families, there
are many homologous proteins that are targeted to different
transport vesicles and organelles within the cell. Thus, it has
been proposed that specificity in the assembly or fusion
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capacity of SNARE complexes serves as a checkpoint to
ensure that vesicles fuse only with appropriate target or-
ganelles (Rothman and Warren, 1994). Current evidence,
however, suggests that v- and t-SNAREs bind promiscu-
ously both in vivo and in vitro (Gotte and von Mollard, 1998;
Grote and Novick, 1999; Yang et al., 1999).

After fusion, the v-SNARE is located in the target mem-
brane where it remains associated with a t-SNARE in a
cis-SNARE complex (Grote et al., 2000a). For a v-SNARE to
be used in subsequent rounds of transport, it must be recy-
cled from the target organelle back to the donor organelle by
retrograde transport. The first step in recycling is disassem-
bly of this postfusion cis-SNARE complex by NSF/Sec18p.
Next, the v-SNARE must be sorted into a transport vesicle
that buds from the acceptor organelle and is targeted back to
the original donor organelle. A recycling v-SNARE may be
passive cargo within the retrograde transport vesicle that is
prevented from interfering with vesicle transport by binding
to a chaperone (Edelmann ef al., 1995; Pfeffer, 1996; Lustgar-
ten and Gerst, 1999). Alternatively, it is possible that a single
v-SNARE can be a component of distinct SNARE complexes
that catalyze fusion of either anterograde or retrograde
transport vesicles. If so, the other proteins on the transport
vesicles must be necessary for targeting because a single
v-SNARE cannot direct transport vesicles to two different
targets (Lewis et al., 1997). Once the v-SNARE has recycled
to the donor organelle, it can be sorted into a new vesicle for
another round of transport.

Sorting signals in the cytoplasmic domains of membrane
proteins are used to concentrate proteins into budding ves-
icles (Trowbridge et al., 1993). Among the most extensively
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characterized sorting signals are the tyrosine and dileucine
signals for endocytosis via clathrin-coated pits. These signals
bind to the w subunit of the AP2 clathrin adaptor complex
(Heilker et al., 1999). There are apparently several distinct
binding sites for endocytosis signals because the transferrin
receptor, the low density lipoprotein (LDL) receptor, and the
epidermal growth factor (EGF) receptor all have tyrosine-
based endocytosis signals but they do not compete with each
other for internalization (Warren et al., 1998). In addition,
monoubiquitination can also serve as a signal for endocyto-
sis (Shih et al., 2000).

The synaptic vesicle v-SNARE vesicle-associated mem-
brane protein 2 (VAMP2) has a novel sorting signal (Grote et
al., 1995). VAMP?2 recycling was studied in transfected PC12
cells by following the transport of an antibody bound to
epitope-tagged VAMP2 from the plasma membrane to en-
dosomes and then back to synaptic vesicles (Grote et al.,
1995; de Wit et al., 1999). A targeting signal was identified in
the cytoplasmic domain of VAMP?2 that is required both for
endocytosis and synaptic vesicle targeting. This signal, cen-
tered on methionine-46, is located on the hydrophobic face
of the same amphipathic helix that binds to t-SNAREs, but
the sequence requirements for targeting and t-SNARE bind-
ing are distinct (Grote et al., 1995). Synaptic vesicles recycle
via clathrin-coated pits (Cremona and De Camilli, 1997).
VAMP2 may either interact directly with a component of the
coat, or be sorted to coated pits by a lateral interaction with
another membrane protein. A direct interaction with the
budding machinery is more likely because mutation of the
endocytosis signal inhibits VAMP2 endocytosis in fibro-
blasts that do not express other synaptic vesicle membrane
proteins (Grote and Kelly, 1996). VAMP must have an im-
portant role in synaptic vesicle recycling because proteolysis
of VAMP by tetanus toxin prevents the budding of synaptic
vesicles in vitro (Salem ef al., 1998).

The Snc proteins are yeast orthologs of VAMP (Gerst et al.,
1992). Two genes, SNC1 and SNC2, encode Snc proteins that
are 98% identical in their a-helical t-SNARE-binding do-
mains and 79% identical overall (Protopopov et al., 1993).
Although the two Snc proteins are only 38% identical to
VAMP within the t-SNARE-binding domain, the methionine
and surrounding amino acids important for VAMP2 sorting
are conserved. Sncp binds to the plasma membrane
t-SNARESs Ssop and Sec9p to catalyze exocytic fusion (Pro-
topopov et al., 1993). Sncp also binds to several other t-
SNAREs, including Tlglp, Tlg2p, and Pep12p, but there is
no direct evidence that these interactions are functional
(Abeliovich et al., 1998; Holthuis ef al., 1998; Grote and
Novick, 1999).

In this manuscript, we report on our studies of yeast
expressing Sncp with a defective endocytosis signal. We
tested the hypothesis that inhibiting Sncp recycling would
prevent the biogenesis of fusogenic secretory vesicles. The
results show an accumulation of secretory vesicles and a
reduced rate of secretion in cells with a snc1-M43A mutation.
In an attempt to identify a sorting receptor for the methi-
onine-based endocytosis signal, we performed a high-copy
suppressor screen. Overproduction of DPL1, the gene for
dihydrosphingosine phosphate lyase, suppressed the snc
endocytosis mutant. However, DPL1 overproduction also
suppressed a snc deletion, so Dpllp cannot be a sorting
receptor for Sncp. We propose that alterations in sphin-
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gosine metabolism allow secretion to occur with an alterna-
tive SNARE in place of Sncp.

MATERIALS AND METHODS
SNC Plasmid and Strain Construction

The strains and plasmids used in this study are listed in Tables 1
and 2. A cluster of amino acids containing six lysine residues
encoded by two complementary oligonucleotides was inserted into
the Xhol site at the 3’ end of the hemagglutinin (HA)-tag in pNB841
(Abeliovich et al., 1998) to construct the pGall-SNC2-HA-6K plas-
mid pNB1028. Starting with the third HA epitope, the C-terminal
sequence of Snc2-HA-6K is YPYDVPDYATSLEKEKDKDSTKEKD-
KELEGGPGTQFAL. Methionine 42 of the SNC2 gene in this plas-
mid was mutated to alanine using the polymerase chain reaction
(PCR) to construct pNB1029. The sequence of pNB1029, and all
other plasmids in this study constructed via PCR, was verified by
DNA sequencing. The SNC2 gene of pNB1028 was replaced with
SNC1 and sncl-M43A to construct pNB1075 and pNB1076.
pNB1028, pNB1029, pNB1075, and pNB1076 were integrated at the
leu2 locus of the pep4A strain NY603 to minimize C-terminal prote-
olysis. A M43A mutation was integrated into the SNCI1 gene of
pADH-LSNC1 (Protopopov et al., 1993) to construct pNB1036.

The mating type of the SNC1 SNC2 host strain SP1 (Protopopov et
al., 1993) was changed by first transforming with the plasmid
Ycp50-HO and then selecting against the plasmid on plates contain-
ing 5-fluoroorotic acid to construct SP1 a. The sncl-m43a mutation
was constructed in SPla by pop-in/pop-out gene replacement
(Guthrie and Fink, 1991; page 297). SPla and sncl-M43A mutant
SP1a were mated with the sncIA snc2A strain JG8 (Protopopov et al.,
1993). The diploid strains NY2206 and NY2207 were identified by
screening for diploid colonies derived from these crosses that had
lost the SNC1 TRP1 balancer plasmid from JG8 and were thus
unable to grow without tryptophan. To test for growth defects
associated with snc mutations, NY2206 and NY2207 were sporu-
lated, dissected onto YPD plates, and grown for 3 d at 25°C or for 2d
at 34°C. The genotype of each colony was determined by following
the URA3 and ADES disruption markers. If 2:2 segregation of mark-
ers was assumed, all of the colonies that failed to grow had a
deletion of both SNC genes. The surface area of the remaining
colonies was measured from a scanned image using NIH image
software and categorized by genotype. NY2264 and NY2265 are
sporulation products of NY2206 and NY2207 that were dissected
onto synthetic complete plates. These strains were maintained on
synthetic media to reduce the opportunity to accumulate or elo3
mutations (David et al., 1998). NY2258 was constructed by crossing
JG8 to a MATa snc1-M43A strain created by sporulating the diploid
strain N'Y2207.

A 2.7-kb genomic DNA fragment containing the SNC2 gene and
5" and 3’ regulatory sequences was amplified by PCR and inserted
between the BamHI and HindIIl sites of pRS305 to construct
pNB1030. A M42A mutation in the SNC2 gene of pNB1030 was
introduced by PCR to construct pNB1031. The SNC2 and snc2-
M42A open reading frames were amplified by PCR and subcloned
into pNB529 to construct pNB1080 and pNB1077. pNB1030,
pNB1031, pNB1080, and pNB1077 were integrated at the LEU2 locus
of JG8 to construct NY2204, NY2205, NY2270, and NY2271.

Endocytosis of Snc2-HA-6K

Forty Aggo units of yeast were washed twice with phosphate-buff-
ered saline (PBS) and then incubated in 100 mM NaCOj;, pH 9.4, for
10 min at room temperature to loosen the cell wall. The cells were
then chilled to 4°C and incubated with 3.0 mg/ml NHS-SS-biotin in
400 ul of PBS twice for 20 min. Surface biotinylated cells were
washed twice with ice-cold PBS and then incubated (twice for 5
min) in PBS + 50 mM glycine to quench unreacted NHS-SS-biotin.
Cells were incubated for the indicated times in 1 ml of YPD pre-
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Table 1. Yeast strains used in this study

Strain Genotype

NY603 MATa pep4:: URA3 leu2-3,112 ura3-52

NY2202 MATa leu2:: GALIp-SNC2-HA-6K-LEU?2 pep4::URA3 ura3-52

NY2203 MATa leu2:: GAL1p-snc2-M42A-HA-6K-LEU?2 pep4 :: URA3 ura3-52

NY2268 MATa leu2:: GALIp-SNC1-HA-6K-LEU?2 pep4::URA3 ura3-52

NY2269 MATa leu2:: GAL1p-SNC1-M43A-HA-6K-LEU?2 pep4:: URA3 ura3-52

SP1 MATa ura3 ade8 leu2 trpl his3

SPla MATa ura3 ade8 leu2 trpl his3

JG8 MATa sncl::URA3 snc2:: ADE8 ura3 ade8 leu2 trp1 his (2u GALIp-SNCI1-HA-TRP1)

NY2206 MATa/a SNC1/sncl::URA3 SNC2/snc2:: ADES ura3/ura3 ade8/ade8 leu2/leu2 trpl/trpl his/his3
NY2207 MATa/o sncl-M43A/sncl :: URA3 SNC2/snc2:: ADES ura3/ura3 ade8/ade8 leu2/leu2 trp1/trpl his/his3
NY2264 MAT? SNC1 snc2:: ADES ura3 ade8 leu2 trpl his

NY2265 MAT? sncl-M43A snc2:: ADES ura3 ade8 leu2 trpl his

NY2204 MATa leu2:: SNC2-LEU2 sncl::URA3 snc2:: ADE8 ura3 ade§ trpl his

NY2205 MATa leu2::snc2-M42A-LEU2 sncl:: URA3 snc2:: ADES8 ura3 ade8 trpl his

NY2270 MATa leu2::GALIp-SNC2-LEU2 sncl::URA3 snc2:: ADES ura3 adeS8 trp1 his

NY2271 MATa leu2::GALIp-snc2-M42A-LEU2 sncl::URA3 snc2:: ADES ura3 ade8 trpl his

NY2258 MATa/a sncl-M43A/sncl::URAS3 snc2:: ADES/snc2:: ADES ura3/ura3 ade8/ade8 leu2/leu2 trpl/trpl his3/his
NY2261 MATa ura3-53 leu2-3,112 trp1 his3-A200

NY2260 MATa ura3-53 leu2-3,112 trpl his3-A200 (pNB1039 Myc-DPL1)

NY2259 MATa sncl::URA3 snc2:: ADE8 ura3 ade8 leu2 trp1 his (2u GALIp-SNC1-HA-TRP1) (pNB1039 Myc-DPL1)
NY2262 MATa DPL1::LEU2 ura3-53 leu2-3,112 trpl his3-A200

NY2263 MATa DPL1::LEU2 ura3 ade8 leu2 trpl his3

NY1203 MATa sec1-1 leu2-3,112

NY775 MATa sec4-8 leu2-3,112

NY777 MATa sech5-24 leu2-3,112

NY1204 MATa sec9-4 leu2-3,112

warmed to 30°C and then transferred to ice cold PBS and washed
twice with ice-cold PBS/1% bovine serum albumin (BSA). Where
indicated, biotin was stripped from the cell surface by two 20-min
incubations in reducing solution (50 mM glutathione, 75 mM NaCl,
150 mM NaOH, 10% fetal bovine serum). Stripped cells were
washed twice with PBS/BSA, and then incubated twice for 15 min
with 5 mg/ml iodoacetamide in PBS/BSA. All samples were then
lysed in HKNE buffer (20 mM HEPES, pH 7.4, 150 mM KCl, 0.5%
NP-40, 1 mM EDTA) supplemented with 1 mM phenylmethylsul-
fonyl fluoride and Sncp was collected by immunoprecipitation by
using anti-Sncp antiserum. Two aliquots of each washed immuno-
precipitate were run on 12% acrylamide gels under nonreducing
conditions, transferred to nitrocellulose, and probed for biotinylated
Snc-HA-6Kp with streptavidin-horseradish peroxidase (HRP) and
for total Snc-HA-6Kp with anti-Sncp antibodies. The amount of total
Snc-HA-6Kp immunoreactivity was identical for all samples.

Growth Rate Curves and Sncp Expression Assays

Cells were grown overnight to early log phase in SC galactose
media without methionine at 30°C. At t = 0, cells were collected by
centrifugation and resuspended in SC glucose media without me-
thionine at concentrations ranging from Ay, 0.1 to 0.001 by 3-fold
serial dilution. At the indicated times, A4y, readings were taken
from cultures in the linear range of the spectrophotometer to mea-
sure the growth rate. Ay, readings were corrected for dilution of
the cultures and averaged to prepare growth curves. Two A4y, unit
aliquots were collected by centrifugation, washed at 4°C with TAF
buffer (20 mM Tris, pH 7.5, 20 mM NaNj, 20 mM NaF), and frozen
in a dry ice/ethanol bath for subsequent analysis of Sncp expres-
sion. The frozen pellets were thawed, suspended in 150 ul of TAF
buffer at 4°C, and lysed by homogenization with glass beads. Sncp
expression was quantified by densitometry of immunoblots with
reference to a standard curve prepared by serial dilutions of the
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NY2268, t = 0 sample as previously described (Grote and Novick,
1999). Expression of Ssop, which is not affected by the shift to
galactose media, was measured as a loading control.

Electron Microscopy

Cells grown to early log phase in synthetic media at 25°C were
shifted to 37°C for 20 min and then prepared for electron micros-
copy as previously described (Salminen and Novick, 1987).

Membrane Trafficking Assays

To measure secretion of 3°S-labeled proteins, 1.5 Ay, units of cells
grown to early log phase in methionine-free synthetic media at 25°C
were pelleted and resuspended in 350 ul of media supplemented
with 150 uCi 3°S-ProMix (Amersham, Arlington Heights, IL), 0.06
mg/ml BSA, and 1 mM phenylmethylsulfonyl fluoride. After incu-
bating for 15 min at 37°C, the cells were pelleted by a 5-s microfuge
spin and 300 ul of media was transferred to a chilled tube contain-
ing 20 ul of 200 mM NalNj;, 200 mM NaF. Stray cells were removed
by a 1-min microfuge spin and 300 ul of the supernatant was
transferred to a tube containing 20 ul of 100% trichloroacetic acid
(TCA), 10 mg/ml deoxycholate. TCA precipitates were collected by
centrifugation, washed twice with acetone at —20°C, and air dried.
The cell pellets were homogenized by vortexing with glass beads in
300 wl of Lamelli sample buffer. The secreted proteins were resus-
pended in 30 ul of sample buffer. The samples were boiled for 5 min,
and 10 ul of each sample was separated on an 8% SDS-polyacryl-
amide gel. The gels were dried, and 3°S-labeled proteins were
detected by using a STORM phosphor imaging system. The assay
was performed in triplicate for each strain.

To stain vacuoles, five A, units of cells grown to early log phase
in synthetic media were pelleted and resuspended in 500 ul of
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Table 2. Plasmids used in this study

Plasmid Description

pNB529 GAL1 promotor and ADH1 terminator in pRS305

pNB841 SNC2-HA in pNB529

pNB1028 SNC2-HA-6K in pNB529 (from pNB841)

pNB1029 snc2-M42A-HA-6K in pNB529 (from pNB841)

pNB1080 SNC2 in pNB529

pNB1077 snc2-M42A in pNB529

pNB1075 SNCI1-HA-6K in pNB529

pNB1076 sncl-M43A-HA-6K in pNB529

Ycp50-HO from Ira Herskowitz

pNB1030 SNC2 in pRS305

pNB1031 snc2-M42A in pRS305

pNB1040 DPL1, S5D1, and YDR925C in YEplac181 (10.7 kb genomic DNA insert)
pNB1041 DPL1 and YDR925C in YEplac181 (Xbal dropout from pNB1040)
pNB1042 DPL1 and SSD1 in YEplac181 (SacI-Nael dropout from pNB1040)
pNB1037 DPL1 in pBluescript KS-

pNB1048 DPL1 in pRS425

pNB1049 dpl1-K370R in pRS425

pNB1050 dpl1-K370N in pRS425

pNB1047 DPL1 in pRS315

pNB1038 dpll::LEU2 in pBluescript KS- (from pNB1037)

pNB1039 Myc-DPL1 in pRS425 (from pNB1048)

media containing 50 mM FM4-64. The cells were incubated for 15 min
at 37°C, washed, and chased for an additional 45 min at 37°C. Stained
cells were chilled to 4°C in TAF (20 mM Tris, pH 7.4, 20 mM NaNj, 20
mM NaF) and visualized using a digital imaging microscope.

Multicopy snc1-M43A Suppressor Screen

NY2258 cells grown in SC galactose media were transformed with a
yeast genomic library contained in the 2 w LEU2 vector YEplac181.
The transformed yeast were plated on SC dextrose—leucine plates
and grown for 5 d at 38°C. Plasmids were recovered into Escherichia
coli and tested for the presence of the SNCI or SNC2 genes by
diagnostic PCR. Plasmids not containing SNC genes were retrans-
formed into NY2258 to test for plasmid-dependent suppression.
DNA sequencing with primers complementary to sites flanking the
insertion site in YEplac181 revealed that the three plasmids with
suppression activity that were isolated in this screen were identical.
This original suppressing plasmid was named pNB1040.

Construction of DPL1 Plasmids and Strains

pNB1040 derivatives lacking a 1384 bp Xbal fragment within
YDRO925C (pNB1041) or a 4541 bp Sacl-Nael fragment within SSD1
(pPNB1042) retained sncl-M43A suppression activity. A 5076-bp
EcoRI fragment from pE4-7 containing the DPLI gene flanked by
1499 bp of 5" and 1908 bp of 3’ untranslated sequences was sub-
cloned into pBluescript(KS—) to construct pNB1037. Directed mu-
tagenesis by PCR was performed on a 722-bp PmlI-Bgl/II fragment of
DPL1 to construct the dpl1-K370R and dpl1-K370N mutations.
BamHI-HindIII fragments containing the DPL1 wild-type (pNB1048)
and mutant (pNB1049 and pNB1050) inserts were subcloned from
pBluescript into pRS425 (2 u LEU2). Wild-type DPL1 was also
subcloned into pRS315 (CEN LEU) to construct pNB1047.

To disrupt DPL1, a 3.5-kb HindIIl-BamHI fragment from pJA51
containing the LEU2 and KnR markers was subcloned between the
HindIIl and Bg/II sites of pBluescript-DPLI, resulting in the deletion
of 196 bp of 5" untranslated DNA and 1769 of 1965 bp of coding
sequence. The DPL1:LEU2 disruption construct was transformed
into NY2261 and SP1a to construct NY2262 and NY2263. To test for
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genetic interactions, NY2262 was crossed with NY1203, NY775,
NY777, and NY1204, and NY2263 was crossed to JG8.

A Myc epitope was appended to the amino-terminus of the DPL1
gene in pNB1048 by replacing an Nhel-Sphl fragment encompasing
the 5" end of the gene with a PCR product amplified from two
complementary oligonucleotides to construct pNB1039. The nucle-
otide sequence GAGCAGAAGCTTATCTCGGAGGAAGATCTG
coding for the epitope tag sequence EQKLISEEDL was inserted
between the first and second codons of DPL1. pNB1039 was trans-
formed into wild-type (NY2260) and sncA (JG8) strains to construct
NY2260 and NY2259.

Myc-DPL1p Fractionation

Twenty Aggo units of cells expressing Myc-DPL1 were pelleted,
resuspended in HKDE (20 mM HEPES, pH 7.4, 150 mM KCl, 1 mM
dithiothreitol, 1 mM EDTA) buffer containing protease inhibitors at
4°C, and lysed by homogenization with glass beads. Four fractions
were prepared from the lysate by differential centrifugation: P1 is
the pellet of a 1000 X g spin for 1 min, P10 is the pellet of a 10,000 X
g spin for 10 min, P100 is the pellet of a 100,000 X g spin for 20 min,
and S100 is the supernatant from the 100,000 X g spin. The pellet
and supernatant fractions were suspended in equal volumes of
sample buffer, separated on a 10% polyacrylamide gel, transferred
to nitrocellulose, probed with a monoclonal anti-Myc antibody
(9E10), and detected by chemiluminescence.

Immunofluorescent Staining of MycDpll and Kar2

Three Agyo units of Myc-DPL1 transformed cells grown to early log
phase in SC—uracil media were fixed with 3.7% formaldehyde in
PBS, 2% glucose, 20 mM EDTA for 4 h at room temperature. For cell
wall removal, fixed cells were washed twice in KPi/sorbitol (100
mM KPO, at pH 7.4, 1.2 M sorbitol), resuspended in 0.5 ml KPi/
sorbitol containing 25 mM 2-mercaptoethanol and 40 ug/ml zymo-
lyase 100-T, and incubated for 30 min at 37°C. Cells were then
washed once in ice-cold PBS and resuspended in 100 ul of PBS.
Twenty-five microliters of this cell suspension was applied to eight-
well slides coated with polylysine (1 mg/ml). Cells were then
permeabilized with 0.5% SDS in PBS, 1 mg/ml BSA for 5 min at
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room temperature and washed 10 times with PBS/BSA. Anti-Kar2
antiserum (1/5000) and affinity purified 9E10 (anti-Myc) monoclo-
nal antibody (1/1000) were diluted in PBS/BSA and incubated with
the cells for 1 h at room temperature. The cells were washed 10
times with PBS/BSA and then incubated with dichlorotriazinyl
amino fluorescein (DTAF)-conjugated donkey anti-rabbit and Texas
Red-conjugated goat anti-mouse antibodies (Jackson ImmunoRe-
search, West Grove, PA) diluted 1/250 in PBS/BSA for 30 min. The
cells were washed as described above, mounted in antifade solution
(90% glycerol, 1 mg/ml p-phenylenediamine), and sealed with nail
polish. Cells were observed with a Zeiss Axiophot epifluorescent
microscope with a 100X objective. Control experiments established
that the secondary antibodies were specific.

RESULTS

Reduced Endocytosis of Snc2-M42Ap

The effect of a methionine 42 to alanine mutation on Snc2p
endocytosis was measured by using a cell-surface biotinylation
assay. To facilitate surface labeling of Sncp, an extension con-
taining three HA epitope tags and six lysines was appended to
the C-terminal, extracytoplasmic domain of Snc2p to construct
Snc2-HA-6Kp (Figure 1A). The extension was expected to be
exposed either within the lumen of intracellular vesicles and
organelles or on the extracellular surface of the plasma mem-
brane. The tagged Snc protein is functional because it can
support growth of a snclA snc2A strain. The membrane imper-
meant biotinylation reagent NHS-SS-biotin was added to cells
to selectively biotinylate the tertiary amines of accessible pro-
teins present either on the extracellular surface of the plasma
membrane or in the cell wall. Sncp was collected from a total
cell lysate by immunoprecipitation, and the pool of Snc2-HA-
6Kp on the plasma membrane was detected on a Western blot
probed with streptavidin-HRP. The SS-biotin adduct can be
stripped off proteins by reduction of the disulfide linkage.
When surface-biotinylated yeast cells were maintained on ice
and then stripped with the membrane impermeant reducing
agent glutathione, biotin was completely cleaved off the Snc2-
HA-6Kp that remained on the plasma membrane. However,
when the biotinylated cells were warmed to 30°C to allow
membrane trafficking to resume for a short period of time
before stripping, a portion of the surface-labeled Snc2-HA-6Kp
was internalized to a glutathione-inaccessible compartment by
endocytosis (Figure 1B, upper panel). To determine the effect of
a M42A mutation on Snc2p internalization, an identical assay
was performed on cells expressing Snc2-M42A-HA-6Kp (Fig-
ure 1B, lower panel). At least 90% less of the total surface-
labeled pool of Snc2-M42A-HA-6Kp was internalized to a glu-
tathione-inaccessible compartment after 10 min at 30°C
compared with wild-type Snc2-HA-6Kp. Thus, the M42A mu-
tation ablates a signal for Snc2p endocytosis. Endocytosis of
wild-type and M43A mutant Snclp was also measured using
the surface biotinylation assay (Figure 1C). As with Snc2p, the
M43A mutation inhibited endocytosis of Sncl-HA-6Kp by
>90% after 10 min at 30°C. Thus, mutation of a critical
methionine conserved between Snclp, Snc2p, and the syn-
aptic vesicle v-SNARE VAMP2 ablates an evolutionarily
conserved endocytosis signal.

Growth Defect of Cells Expressing Sncl1-M43Ap

To determine whether Sncp endocytosis is important for its
functions in membrane traffic, we began by measuring the
effect of the endocytosis mutations on growth of cells ex-
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pressing only mutant Snc proteins. In a preliminary exper-
iment, Snc1-M43Ap was expressed at high levels in a sncIA
snc2A strain by using a multicopy plasmid with the ADH
promotor. Cells expressing high levels of Snc1-M43Ap grew
as well as cells expressing high levels of wild-type Snclp.

A
M¢}2A
—  a-helix
Cytoplasm
B minutes at 30 °C
Total 01 2 4 6 8 10
SNC2p ' . .
Snc2p-M42A m .

C minutes at 30 °C
Total 0 5 10
1T . . -

Sncip .. » .- __.._._4..
wt A wt A wt A wt A

Figure 1. Reduced endocytosis of Snc2-M42A-HA-6Kp. (A) Snc2-
M42A-HA-6Kp in a budding endosomal vesicle. Snc2p has a t-
SNARE-binding a-helical domain adjacent to a C-terminal trans-
membrane anchor. Snc2-HA-6Kp was constructed by appending
three HA epitope tags (HA) and six lysines (6K) to the C terminus
of Snc2p. The extension is accessible from outside of the cell when
Snc2-HA-6Kp is on the plasma membrane, but is protected after
internalization of Snc2-HA-6Kp to endosomal vesicles. The M42A
mutation is located within the a-helical domain. (B) Endocytosis of
wild-type and M42A mutant Snc2-HA-6Kp. Cells expressing wild-
type (NY2202) or M42A mutant (NY2203) Snc2-HA-6Kp were sur-
face labeled with NHS-SS-biotin at 4°C. Aliquots of cells were
incubated at 30°C for the indicated times (in minutes). Biotin was
stripped off proteins remaining at the cell surface by reduction with
glutathione. One aliquot of cells (total) was not warmed to 30°C or
stripped. The cells were lysed and Snc proteins were collected by
immunoprecipitation with anti-Sncp antiserum. A Western blot was
probed for biotinylated Sncp with streptavidin-HRP. (C) Endocyto-
sis of wild-type and M43A mutant Sncl-HA-6Kp. Endocytosis was
measured in cells expressing Sncl-HA-6K (wt, NY2268) and Sncl-
M43A-HA-6K (A, NY2269) as described above.
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snc2-m42a

snc1-m43a

25 °C, 3 days

34 °C, 2 days

Figure 2. Slow growth of SNCI snc2A and snc1-M43A snc2A colonies. Wild-type (SP1), SNC1 snc2A (NY2264), snc1-M43A snc2A (NY2265),
SNC2 snclA (NY2204), and snc2-M42A snc1A (NY2205) strains were streaked out to form single colonies on YPD plates. The plates were

incubated for 3 d at 25°C or for 2 d at 34°C.

One interpretation of this result is that Sncp recycling is not
required if sufficient Sncp is delivered to secretory vesicles
by the biosynthetic pathway.

A M43A mutation was incorporated into the genomic
copy of the SNC1 gene to observe the phenotypes of reduced
Sncp endocytosis under conditions where Sncp is not over-
produced. The masking effect of the wild-type SNC2 gene
was removed by crossing sncl-M43A SNC2 cells to snclA
snc2A cells (see MATERIALS AND METHODS), and growth
of the resulting tetrads was observed on YPD plates. sncl-
M43A snc2A colonies were smaller than wild-type colonies
on both rich and synthetic media at all temperatures tested
and failed to grow at 38°C (Figure 2). Unexpectedly, SNC1
snc2A colonies also grew more slowly than wild-type colo-
nies at 25°C. To quantify the difference between growth
rates, measurements were made of the surface area of colo-
nies grown for 3 d at 25°C after a tetrad dissection. SNC1
snc2A colonies were 68% smaller (SD = 7%, n = 7) than
wild-type colonies. Nevertheless, snc1-M43A snc2A colonies
were 62% smaller than SNCI1 snc2A colonies and 88%
smaller than wild-type colonies (SD = 5%, n = 9). Interest-
ingly, when snc2-M42A under regulation of SNC2 promotor
and terminator elements was integrated at the LEU2 locus of
a snclA snc2A strain, the cells had a wild-type growth rate.

Membrane Trafficking Defects in snc1-M43A
SNC2A Cells

Cells were observed by transmission electron microscopy to
examine the ultrastructure of intracellular membranes in
sncl-M43A snc2A cells (Figure 3). Compared with wild-type
cells, snc1-M43A snc2A cells have a massive accumulation of
100-nm vesicles that are often observed to be concentrated in
bud tips. An accumulation of 250-1000-nm vesicles was also
observed. SNC1 snc2A cells accumulate a lesser number of
vesicles than sncl-M43A cells.

Cells were stained with the lipophilic endocytic tracer
FM4-64 to determine whether the 250-1000-nm vesicles were
of endocytic origin (Figure 4). After a 15-min incubation of

4056

living cells at 37°C followed by a 45-min chase, FM4-64 is
internalized to vacuoles. In most wild-type cells, the vacu-
oles appear as a single large ring. In dividing cells, smaller
vesicles were also observed corresponding to the vacuole
fragments that segregate into the daughter cell. In the sncl-
M43A snc2A mutant, a large number of smaller doughnut-
shaped vesicles were observed in most cells, but large vacu-
oles were also occasionally observed. SNCI snc2A cells have
an intermediate phenotype that often includes a single large
vacuole surrounded by several smaller vesicles. No obvious
difference in the rate or extent of FM4-64 uptake was ob-
served. The vacuole fragmentation phenotype suggests that
Sncp endocytosis also contributes to membrane fusion in the
endosomal pathway.

The growth defect and accumulation of 100-nm vesicles
suggests that sncl-M43A snc2A cells have a defect in secretion.
To measure secretion more directly, cells were pulse labeled
with [3°S]methionine for 15 min at 37°C. Proteins secreted into
the media were collected by TCA precipitation, separated on a
polyacrylamide gel, and detected by using a phosphor imaging
system (Figure 5). Secretion of p190 by the snc1-M43A snc2A
cells was reduced by 71% compared with SNCI snc2A cells,
and by 76% compared with wild-type cells. After correcting for
the 52% reduction in the amount of total protein synthesis
during the 15-min [**S]methionine pulse, secretion was still
reduced by 50% in the sncl-M43A snc2A cells compared with
both wild-type and SNC1 snc2A cells (Figure 5B). No secretion
defect was observed in snclA snc2-M42A cells.

To confirm the secretion defect of sncl-M43A cells, an
invertase secretion assay was performed (Nair et al., 1990).
Twenty minutes after shifting to low glucose media to de-
repress invertase synthesis, the total amount of newly syn-
thesized invertase was similar in wild-type and mutant cells.
At this early time point, 55% of the newly synthesized
invertase in the wild-type cells had been secreted. Com-
pared with the wild type, there was a 23% reduction in
invertase secretion in the SNC1 snc2A mutant and a 59%

Molecular Biology of the Cell
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reduction in the sncl-M43A snc2A mutant (Figure 5C). The
secretion defect in snc1-M43A cells suggests that recycling of
Sncp by endocytosis is important for the generation of func-
tional secretory vesicles.

Reduced expression of Sncp is an additional factor that
may contribute to the membrane trafficking phenotypes of
SNC mutant cells. Sncp expression was observed using an
anti-Snclp antibody that cross-reacts with Snc2p (Figure 6).
Native Snclp and Snc2p comigrate on polyacrylamide gels,
so when both Snc proteins are expressed, only the combined
expression level can be determined. By densitomety, Snclp
expression in SNCI snc2A cells is 60% less that the com-
bined expression of Snclp and Snc2p in the wild-type
control. Reduced Sncp expression may explain the partial
secretion defect found in the SNCI snc2A cells. Surpris-
ingly, the expression level of Sncl-M43Ap was signifi-
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snc1-M43A

Figure 3. Vesicle accumulation in sncl-M43A mutant yeast. (A)
Electron micrographs of thin sections. Wild-type (SP1), SNCI snc2A
(NY2264), and sncl-M43A snc2A (NY2265) yeast were grown to
early log phase at 25°C and then shifted to 37°C for 20 min before
fixation. Bar = 1 um. (B) Quantitation of secretory vesicle (100-nm)
and fragmented (250-1000-nm) vacuole accumulation. Secretory
vesicle and fragmented vacuole profiles were counted in 60 wild-
type, 119 SNC1, and 75 snc1-M43A cells. The number of vesicles in
each class was divided by the total surface area.

cantly less than the expression level of wild-type Snclp
despite the fact that the two proteins are expressed from
the same genetic locus. Similarly, there is more Snc2p than
Snc2-M42Ap expressed when otherwise identical SNC2
genes are integrated with SNC2 upstream and down-
stream regulatory sequences at the LEU2 locus. Because
cells expressing 70% of the wild-type level of the endocy-
tosis-deficient Snc2-M42Ap mutant grow and secrete as
fast as wild-type cells, Sncp endocytosis is only rate lim-
iting at low Sncp expression levels.

Growth and Secretion after Repression of Snc2-
M42Ap Synthesis

For a more stringent test of the requirement for Sncp endo-
cytosis, growth and secretion were compared in strains ex-
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wild-type

snc1-M43A

Figure 4. Vacuole fragmentation in sncI-M43A yeast. Wild-type (SP1), SNCI snc2A (NY2264), and sncl-M43A snc2A (NY2265) yeast were
grown to early log phase at 25°C. The cells were incubated at 37°C for 15 min with 50 mM FM4-64, washed, and chased at 37°C for an
additional 45 min. FM4-64 fluorescence was visualized by using a digital imaging microscope.

pressing either Snc2p or Snc2-M42Ap under control of the
GAL1 promotor in a snclA snc2A host strain. Transcription
from the GALI promotor is induced by galactose and re-
pressed by glucose. In cells grown in glucose media, only
recycled Snc2p can be incorporated into secretory vesicles
once the remaining pool of newly synthesized Snc2p has
been cleared from the early secretory pathway. The two
strains selected for this experiment expressed equal amounts
of Snc2p or Snc2-M43Ap when grown on galactose media.
After transferring the cells to glucose media, Snc2p synthesis
was reduced to background levels (by >95%) after 2 h. The
GAL1p-SNC2 cells grew at a constant rate for 10 h after being
transferred to glucose media (Figure 7A). At later time
points, the growth rate declined as Snc2p became limiting.
The GALIp-snc2-M42A cells grew at the same rate as the
GAL1p-SNC2 cells for the first 5 h in glucose media, and then
grew more slowly at later times. To determine whether
differences in the rate of Snc2p degradation were responsible
for the earlier onset of slower growth in the GALIp-snc2-
M42A strain, Sncp expression was compared at each time
point (Figure 7B). During the first 9 h, Snc2p and Snc2-
M42Ap expression was similar at each time point. The de-
crease in Snc2p expression was roughly proportional to the
increase in the number of cells. Thus, both Snc2p and Snc2-
M42Ap have a long half-life compared with the cell cycle
time, and the decrease in Snc2p concentration is simply a
consequence of diluting Snc2p into a larger cell volume with
each cell division. At later time points, there was more
Snc2-M42Ap per cell because there were fewer cells. Secre-
tion of 3°5-p190 synthesized during a 20-min pulse 8 h after
the transfer to glucose media was reduced by 27% in the
GAL1p-snc2-M42A cells compared with the GALIp-SNC2
control (Figure 7C). Because growth continues for several
hours after repressing Snc2-M42Ap synthesis, we conclude
either that sufficient recycling of Snc2-M42Ap occurs despite
the absence of an endocytosis signal, or that Snc2-M42Ap
can function on the plasma membrane. However, because
Snc2-M42Ap becomes limiting for growth and secretion at a
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higher concentration (earlier time point) than Snc2p, endo-
cytosis potentiates an essential Snc2p function.

Normal SNARE Complex Assembly and
Disassembly

Because the endocytosis mutations are located in the same
domain of Sncp that interacts with t-SNARESs, assembly and
disassembly of SNARE complexes were compared in cells
expressing the endocytosis mutant Snc2-M42Ap. The exo-
cytic SNARE complex between Ssop and the wild-type Snc2
or Snc2 proteins was detected by coimmunoprecipitation of
Ssop with Sncp. We have previously established that bind-
ing of Ssop to Sncp depends on flux through the secretory
pathway, and that the coimmunoprecipitation assay detects
only SNARE complexes that exist before cells are lysed
(Grote and Novick, 1999). An equal amount of Ssop was
bound to the wild-type and mutant Snc proteins despite the
fact that less Snc1-M43Ap was detected in the lysate (Figure
8). Exocytic SNARE complexes are disassembled by Sec18p
if ATP and an ATP-regenerating system are added to the
lysate (Carr et al., 1999; Grote and Novick, 1999). Both wild-
type and mutant SNARE complexes were disassembled
upon the addition of ATP (Figure 8). Thus, the phenotypes
of the snc1-M43A mutant are not due to an obvious defect in
SNARE complex assembly or disassembly.

DPL1 Is a Multicopy snc Suppressor

A yeast genomic library of multicopy plasmids was
screened for sncl-M43A suppressors in an attempt to iden-
tify a receptor for the endocytosis signal. In principal, if a
mutation reduces the affinity of a signal for its receptor,
increasing the concentration of the receptor might compen-
sate for the reduced affinity. Spontaneous recessive suppres-
sors were observed at high frequency in the haploid sncl-
M43A snc2A strain. To avoid characterizing plasmids in
these spontaneous revertants, the screen was carried out in
a sncl-M43A/snclA snc2A/snc2A diploid strain. In a prelim-
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Figure 5. Secretion defect in sncl-M43A yeast. (A) Wild-type (SP1), SNC1 snc2A (NY2264), and sncl-M43A snc2A (NY2265) yeast were pulse
labeled for 15 min at 37°C with [**S]methionine. Cells were removed from the media by centrifugation and secreted proteins were concentrated by
TCA precipitation. 3°S-labeled proteins in the media (top) and cell pellet (bottom) were separated on polyacrylamide gels. (B) %S incorporated in
the 190-kDa band identified with an arrow in A was quantified using a phosphor imager. The amount of **S-p190 secreted was compared with the
amount of total 3°S-labeled proteins in the lysate. (C) Invertase secretion. Wild-type (SP1), SNCI snc2A (NY2264), sncl-M43A snc2A (NY2265), sncl
A SNC2 (NY2204), and snclA snc2-M42A (NY2205) yeast were shifted to 0.1% glucose media for 20 min at 30°C to derepress invertase synthesis.
External invertase was measured from intact cells and internal invertase was measured after preparing spheroplasts.

inary experiment, the SNC1 and SNC2 genes were found to
suppress the sncl-M43A growth defect, whereas the SECI,
SEC2, SEC3, SEC4, SEC6, SEC9, SEC10, and SSO2 genes did
not. In a screen of 330,000 independent transformants, 69
sncl-M43A/snclA snc2A/snc2A suppressing plasmids were
isolated. Diagnostic PCR revealed that 53 suppressing plas-
mids contained the SNC1 gene, and 13 contained the SNC2
gene. The remaining three plasmids were partial suppres-
sors of the snc1-M43A growth defect and each contained the
same 10-kb insert with three long open reading frames,
SSD1, DPL1, and YDR925C (Figure 9). By deleting fragments
of this plasmid flanked by convenient restriction sites (see
MATERIALS AND METHODS), the suppressing activity
was mapped to DPLI, the structural gene for dihydrosphin-
gosine phosphate lyase (see DISCUSSION). High expression
of DPL1 is essential for its suppressing activity because a
low copy number CEN plasmid containing the DPL1 gene
failed to suppress snc1-M43A. The Dpll protein has a single
predicted membrane spanning domain and a consensus se-
quence for pyridoxyl phosphate binding. Mutation of the
critical lysine (K370) in the pyridoxyl phosphate-binding site
to arginine or asparagine ablates the snc1-M43A-suppressing
activity. Thus, a pyridoxyl phosphate-dependent enzymatic
activity suppresses sncl-M43A.

Vol. 11, December 2000

A receptor for the Sncp endocytosis signal might be ex-
pected to reside on the plasma membrane. To determine
whether Dpllp is concentrated on the plasma membrane,
the localization of Dpllp was determined by using an N-
terminal Myc-tagged version with full suppressing activity.
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Figure 6. Sncp expression. A Western blot prepared from samples
of equal protein concentration from wild-type (SP1), SNC1 snc2A
(NY2264), snc1-M43A snc2A (NY2265), sncl A SNC2 (NY2204), and
snclA snc2-M42A (NY2205) yeast was probed for Sncp and Ssop.
The anti-Sncp antiserum may bind preferentially to Snclp because
the immunogen included an N-terminal domain of Snclp that is
poorly conserved in Snc2p.
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Cells were homogenized in detergent-free lysis buffer and
fractionated into 1,000 X g, 10,000 X g, and 100,000 X g pellet
fractions and a 100,000 X g supernatant fraction. Myc-Dpllp
was concentrated in the 10,000 X g pellet (Figure 10). Inter-
estingly, approximately 10-fold more Myc-Dpllp was ex-
pressed in snc mutant cells than in wild-type cells trans-
formed with the same multicopy plasmid. This could reflect
selection for increased DPL1 copy number. To further refine
the localization of Dpllp, Myc-Dpllp was stained in trans-
formed cells by indirect immunofluorescence microscopy
using an anti-Myc monoclonal antibody. Myc-Dpllp was
concentrated in the nuclear envelope and in punctate struc-
tures in the cytoplasm that partially overlapped with the
endoplasmic reticulum marker Kar2p (Figure 11). Thus, at
high expression levels, Myc-Dpllp is concentrated in intra-
cellular organelles, including the endoplasmic reticulum.
DPL1 is not an allele-specific snc suppressor. In addition to
suppressing the sncl-M43A mutation, it also suppresses the
growth defect of snclA snc2A cells. Dpllp overproduction
also partially suppressed the secretion defect of sncA cells, as
expected because secretion is essential for growth (Table 3).
Thus, overexpression of Dpllp allows cells to bypass the
normal requirement for Sncp in exocytosis. The lack of allele
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Figure 7. Phenotypes arising after repression of Snc2p and Snc2-
M42Ap synthesis. (A) Growth curves. Snc2p (NY2270) and Snc2-
M42Ap (NY2271) were expressed in a snclA snc2A host strain under
control of the GAL1 promotor. Cells were grown to early log phase
in galactose media and then shifted to glucose media at t = 0. Cell
density was measured by reading the adsorbance at 600 nm and
adjusted for dilution of the cultures to prepare a growth curve. (B)
Snc2p expression. Snc2p expression level was measured by densi-
tometry from a Western blot. The combined expression level of
Snclp and Snc2p in wild-type cells (SP1) was defined as 1. (C)
35S-secretion. After 8 h of growth in glucose media cells were pulse
labeled with [**S]methionine for 20 min. Secreted proteins collected
from the media by TCA precipitation and total cellular proteins
prepared by glass bead lysis were resolved on a polyacrylamide gel,
and detected by autoradiography.

specificity confirms that DPL1 does not suppress the sncl-
M43A growth defect by ameliorating an endocytosis defect.
Disruption of the DPL1 gene in a wild-type strain had no
effect on growth or invertase secretion. To test for genetic
interactions between DPL1 and genes coding for compo-
nents of the secretory pathway, a dpll deletion strain was
crossed with strains containing a variety of sec mutations
that inhibit fusion of secretory vesicles with the plasma
membrane. Deletion of DPLI neither increased nor de-
creased the growth rate of the sec1-1, sec4-8, sec5-24, or sec9-4
temperature-sensitive mutants or a snc2A mutant. Further-
more, overproducing DPL1 did not suppress the secl-1,
sec4-8, sec5-24, or sec9-4 mutants. Because DPL1 overexpres-
sion has no effect on secretion of sec mutant strains that
express normal levels of Sncp, DPLI cannot activate a by-
pass secretory pathway independent of these other Sec pro-
teins. Thus, secretion in the DPLI-suppressed snc mutants is
likely to use the plasma membrane t-SNAREs Sec9p and
Ssop and the standard SEC-dependent secretory pathway.

DISCUSSION
Endocytosis of exocytic v-SNAREs in yeast and mammalian
cells requires a conserved targeting signal that is unique to

Molecular Biology of the Cell
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Figure 8. Assembly and disassembly of SNARE complexes con-
taining Snc2-M42Ap. Cells expressing Snc2p (NY2204) or Snc2-
M42Ap (NY2205), but not Snclp, were lysed in the absence or
presence of ATP. A Western blot of anti-Ssop immunoprecipitates
was probed for coprecipitating Snc proteins (top). On a second
immunoblot, an aliquot of each lysate was probed for Sncp and Ssop
(bottom).

this class of v-SNAREs. This signal is centered on a methi-
onine residue on the hydrophobic face of the conserved
amphipathic a-helix that binds to t-SNAREs. Mutation of
this critical methionine to alanine reduced endocytosis of
both Snclp and Snc2p in yeast by >95% without directly
affecting exocytic SNARE complex assembly or disassembly.
Lewis et al. (2000) have used an alternative method to ob-
serve the effect of mutations in the Snclp cytoplasmic do-
main. Their results show that GFP-Snc1-V40A-M43Ap does
not redistribute from the cell surface to intracellular vesicles
in sec6-4 cells shifted to 37°C (Lewis et al., 2000). These
results complement our direct evidence of reduced endocy-
tosis. Conservation of this sorting signal between Sncp and
VAMP suggests that yeast and mammalian cells share fun-
damentally similar mechanisms of sorting signal recognition
and endocytosis (Geli and Riezman, 1998).

dpl1-K370N dpl1-K370R

single copy
0 il

Empty
Vector

SSD1
Dl
YDR925C

sncl Endocytosis Mutant

Our expectation was that preventing Sncp endocytosis
would block transport of Sncp from the plasma membrane
back to the Golgi after exocytosis. This, in turn, would
inhibit the formation of fusogenic secretory vesicles, either
because vesicles that bud from Sncp-depleted Golgi are
unable to fuse, or because Sncp itself is required for secre-
tory vesicle budding. Sncp clearly recycles because yeast
continue growing for at least 10 h after Sncp synthesis is
repressed, and cycling of green fluorescent protein-Snclp
between the plasma membrane and intracellular compart-
ments has been observed by fluorescence microscopy (Lewis
et al., 2000). The growth and secretion phenotypes associated
with endocytosis deficient snc mutants support the proposal
that endocytosis is involved in Sncp recycling. However,
despite a 90% reduction in the endocytosis rate and a defect
in transport to the Golgi (Lewis ef al., 2000), ablation of the
Snc endocytosis signal only partially inhibited Sncp recy-
cling defined functionally as the ability of Sncp to support
more than one round of secretion. These data suggest that
the number of Snc proteins targeted to secretory vesicles is
normally in excess of that required for secretion such that a
sufficient amount of Sncp recycles to the Golgi even without
signal-mediated endocytosis. An alternative possibility is
that “reverse topology” SNARE complexes between Sncp on
the plasma membrane and newly synthesized “t-SNAREs”
on secretory vesicles can mediate secretion when Sncp is
retained on the plasma membrane. In this situation, fusion
of post-Golgi secretory vesicles with the plasma membrane
may be mechanistically more similar to homotypic fusion
than to fusion of endoplasmic reticulum-derived vesicles
with the Golgi where v- and t-SNAREs function asymmetri-
cally in an in vitro assay (Cao and Barlowe, 2000).

In addition to their secretion defect, sncl-M43A mutant
yeast also have fragmented vacuoles and an accumulation of
multivesicular endosomes. A delay in processing the vacu-

Figure 9. Suppression of the sncl-M43A growth defect by DPL1 overproduction. Various plasmids were transformed into a sncl-M43A
strain (NY2258). Transformants were streaked to single colonies on a YPD plate and incubated for 3 d at 30°C. The plasmids tested included
an empty high-copy number 2 u vector (pRS425), pRS425 derivatives containing the wild-type DPL1 (pNB1048) and dpl1-K370N (pNB1049)
and dpl1-K370R (pNB1050) mutant genes, a CEN plasmid containing the DPL1 gene that is present as a single copy in each cell (pNB1047),
and the original plasmid containing the SSD1, DPL1, and YDR925C genes that was selected from a 2 u genomic library (pNB1040).
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Figure 10. Fractionation of Myc-Dpllp. Wild-type (NY2261) and
sncA (JG8) cells transformed with a Myc-Dpllp overproducing plas-
mid were grown in selective media and then lysed in detergent-free
buffer. The lysate was fractionated into P1, P10, and P100 pellet
fractions and a 5100 supernatant fraction. Myc-Dpllp was detected
on a Western blot prepared from equal aliquots of each fraction with
an anti-Myc monoclonal antibody.

olar protein carboxypeptidase Y was also observed (Grote,
unpublished observation). These phenotypes suggest that
Sncp is required on a pathway leading to vacuole fusion.
Sncp may be a component of SNARE complexes that cata-
lyze fusion on the endosomal pathway because it binds to
the endosomal t-SNAREs Tlglp, Tlg2p, Pep12p, and Vam3p
(Abeliovich et al., 1998; Holthuis et al., 1998; Grote and
Novick, 1999). Interestingly, fragmented vacuoles were also
observed in vam3A and tIg2A yeast, but were not found in
yeast with a deletion of the gene for the vacuolar v-SNARE
Nyvlp (Nichols et al., 1997; Wada et al., 1997; Holthuis et al.,
1998; Seron et al., 1998). However, because the vacuole frag-
mentation observed in snc1-M43A cells is a chronic pheno-
type, it may be an indirect effect of the mutation. Vacuole
fragmentation has also been observed in mutants that affect
budding from endosomes and the Golgi (Banta et al., 1988;
Seaman et al., 1998; Walch-Solimena and Novick, 1999).
However, fragmented vacuoles have not been noted in any
of the post-Golgi sec mutants. A defect at an earlier step in
the endocytosis pathway was observed in sec1-1 yeast after
1 h at 37°C (Vida and Emr, 1995). One interpretation of this
result is that a failure to deliver Sncp to the plasma mem-
brane results in the formation of defective endosomes lack-
ing v-SNARE:s.

DPL1 Is a Multicopy snc Bypass Suppressor

The DPL1 gene was isolated in a screen for multicopy sup-
pressors of the sncl-M43A mutant. The original aim of this
screen was to identify a sorting receptor that interacts with
the Sncp endocytosis signal. Overexpression of a sorting
receptor might compensate for the endocytosis defect of
Sncl-M43Ap by mass action, but improving the efficiency of
Sncp recycling would be irrelevant if no Sncp is expressed.
Because DPL1 overexpression suppressed a snc deletion mu-
tant as well as sncl1-M43A, it cannot be a sorting receptor.
Furthermore, myc-Dpllp is concentrated in the endoplasmic
reticulum rather than at sites of endocytosis on the plasma
membrane. A more direct approach involving a screen for
proteins that bind to the wild-type, but not mutant, Sncp
cytoplasmic domain may be successful at identifying a sort-
ing receptor (Heilker et al., 1999).

Dihydrosphingosine phosphate lyase, the product of the
DPL1 gene, is a catabolic enzyme that degrades dihy-
drosphingosine-1-phosphate and phytosphingosine-1-phos-
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Figure 11. Partial colocalization of Myc-Dpllp and Kar2p. Wild-
type cells overproducing Myc-Dpllp were fixed with formaldehyde
and stained with a mouse anti-Myc antibody and a rabbit anti-Kar2
antibody.

phate to ethanolamine and fatty aldehydes (Saba et al., 1997).
In mammalian cells, sphingosine-1-phosphates serve both as
intracellular second messengers and as extracellular ligands
for G protein-coupled receptors (Van Brocklyn et al., 1998).
In yeast, sphingosine-1-phosphates are signaling molecules
that modulate the heat stress response (Skrzypek et al., 1999).
Sphingosine-1-phosphate synthesis is also required to incor-
porate exogenously added sphingosine into ceramides (Mao
et al., 1997; Qie et al., 1997). DPL1 overproduction could
suppress the snc defect either by down-regulating a dihy-
drosphingosine-1-phosphate signal that recruits or activates
an enzyme or by changing the composition and physical
properties of cellular membranes. The recent identification
of yeast enzymes for synthesis (Nagiec et al., 1998), dephos-
phorylation (Skrzypek et al., 1999), and degradation (Saba et
al., 1997) of sphingosine-1-phosphates should help elucidate
the suppression mechanism of DPL1 in sncA cells and aid in
the identification of sphingosine-1-phosphate effectors. Inci-
dentally, because ceramide is synthesized in the endoplas-
mic reticulum, many sphingosine metabolism enzymes are
likely to colocalize with Dpllp (Dickson and Lester, 1999).
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Table 3. DPLI overproduction restores secretion from sncA cells

Normalized
secretion”
(% wild-type)

Total protein
synthesis
(% wild-type)

p190 secretion
(% wild-type)

Wild-type 100 100 100
sncA 23 41 58
sncA 2 DPL1 81 107 67

Wild-type (SP1), sncA (JG8, sncl::URA3 snc2::ADE8 GALIp-HA-
SNC1) (Protopopov et al., 1993), and sncA cells overproducing DPL1
(pPNB1047) were grown to early log phase at 30 °C in SC galactose
media lacking tryptophan to maintain the GALIp-HA-SNCI plas-
mid or leucine to maintain the DPL1 plasmid, as appropriate. The
cells were then shifted to methionine-free SC glucose media for 11 h
to repress HA-Snclp synthesis in the sncA cells. At this time point,
the sncA cells have a reduced growth rate, but the sncA cells sup-
pressed by DPL1 grow at the same rate as wild-type cells. Secretion
of radiolabeled p190 and the rate of total protein synthesis were
measured as described in Figure 5. At this time point, eight major
radiolabeled proteins ranging from 30 to 190 kDa were secreted in
similar relative amounts by all three strains.

? Secretion/synthesis X 100%.

The sncA growth defect can also be suppressed by loss of
function mutations in the ELO2 or ELO3 genes (David ef al.,
1998). Like DPL1 overexpression, the elo2 and elo3 mutations
do not suppress mutations in the plasma membrane
t-SNARES or other secretory mutants. Thus, the two classes
of sncA suppressors are likely to share a common mecha-
nism. Another connection is that both suppressors are in-
volved in ceramide metabolism. Ceramides are synthesized
by the condensation of very-long chain fatty acids with
dihydrosphingosine (Dickson and Lester, 1999). The Elo2
and Elo3 proteins catalyze elongation of long-chain fatty
acids to very long chain fatty acids (Oh et al., 1997). Thus, the
two sncA suppressor classes may reduce the availability of
different ceramide precursors. The actual mechanism of sup-
pression is likely to be more complicated however, because
reducing dihydrosphingosine synthesis by inhibiting the
rate-limiting biosynthetic enzyme serine palmityoltrans-
ferase with myriosin or temperature-sensitive mutations
(Zhao et al., 1994; Beeler et al., 1998) did not suppress snc
mutations (Grote, unpublished observation).

Secretion in the DPL1 suppressed snc mutants probably
occurs via the conventional secretory pathway because the
sncA suppressors do not suppress mutations in other late-
acting SEC genes. It will be of interest to identify the SNARE
protein on secretory vesicles that interacts with Ssop and
Sec9p in these strains. Candidates include Sec22p, Ykt6p,
and Nyvlp, the three remaining v-SNAREs with an arginine
at a central position in the SNARE-binding domain (Weimbs
et al., 1997), and Vtilp, a promiscuous “v-SNARE” with a
glutamine at the center of its SNARE-binding domain (von
Mollard et al., 1997). We were unable to detect an enhanced
interaction between Ssop and these SNARE:s in a suppressed
sncA strain (Grote, unpublished observation). An alternative
possibility is that a t-SNARE-t-SNARE interaction mediates
exocytosis in sncA strains (Patel et al., 1998; Rabouille et al.,
1998). We have observed coimmunoprecipitation of un-
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tagged Ssop with HA-Ssop (Grote et al., 2000b), but this
interaction is not enhanced in a suppressed sncA strain
(Grote, unpublished observation). Thus, it is unlikely that
the SNARE complexes in sncA cells contain Ssop masquer-
ading as a v-SNARE. Identifying the functional secretory
vesicle v-SNARE in the sncA cells and determining how
DPL1 overproduction allows this v-SNARE to function re-
main challenges for the future.
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