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SUMMARY
Vesicle-specific SNAP receptors (v-SNAREs) are believed to
cycle between consecutive membrane compartments. The
v-SNARE Sec22(Sly2)p mediates the targeting of vesicles
between endoplasmic reticulum (ER) and early Golgi of
Saccharomyces cerevisiae. To analyze factors involved in
targeting of Sec22(Sly2)p, an α-factor-tagged Sec22 protein
(Sec22-α) was employed. Only on reaching the late Golgi,
can α-factor be cleaved from this hybrid protein by Kex2p,
a protease localized in this compartment. In wild-type cells
Kex2p-cleavage is observed only when Sec22-α is greatly
overproduced. Immunofluorescence microscopy and
subcellular fractionation studies showed that Sec22-α is
returned to the ER from the late Golgi (Kex2p)
compartment. When Sec22-α is expressed in wild-type cells

at levels comparable to the quantities of endogenous
Sec22p, very little of this protein is cleaved by Kex2p.
Efficient cleavage, however, occurs in mutants defective in
the retrograde transport of different ER-resident proteins
indicating that Sec22-α rapidly reaches the late Golgi of
these cells. These mutants (sec20-1, sec21-1, sec27-1 and
ufe1-1) reveal Golgi structures when stained for Sec22-α
and do not show the ER-immunofluorescence observed in
wild-type cells. These results show consistently that Sec22p
recycles from the Golgi back to the ER and that this
recycling involves retrograde COPI vesicles.

INTRODUCTION

ER: (a) The COPI complex in extracts from mammalian and
yeast cells binds proteins carrying the C-terminal di-lysine
motif (-KKXX) the retrieval signal carried by ER-resident
type I transmembrane proteins (Cosson and Letourneur, 1994;
Jackson et al., 1990); (b) COPI-complexes from yeast mutants
with defects in certain subunits (ret1-1 and sec27-1) loose the
ability to bind di-lysine motifs in vitro (Letourneur et al.,
1994); (c) ret1-1 and sec27-1 mutants as well as mutants
defective in other subunits (sec21-2, ret2-1 and ret3-1) are
unable to retain di-lysine-tagged proteins in the ER
(Letourneur et al., 1994; Cosson et al., 1996); (d) the following
receptors or sorting factors as well as their ligands or substrates
depend on COPI for recycling from the Golgi to the ER: the
HDEL-receptor (Erd2p) required for retrograde transport of
soluble HDEL-tagged ER proteins (Lewis and Pelham, 1996)
and Rer1p which mediates the retrieval of ER transmembrane
proteins lacking the KKXX signal (Boehm et al., 1997; Sato
et al., 1997).
Coated vesicles have to be uncoated before they can dock
and fuse with their target membrane (Rothman, 1994). After
uncoating a set of specific receptors is exposed on the surface
of the vesicles. These v-(vesicular)SNAREs can then interact
with their cognate t-(target)SNAREs on the acceptor
membrane (Söllner et al., 1993; Søgaard et al., 1994). The
name SNARE derives from the fact that SNARE proteins also
act as receptors for SNAPs (soluble NSF (N-ethylmaleimide-

Protein transport between secretory compartments is mediated
by membrane-vesicles (Rothman and Orci, 1992). In yeast,
vesicular transport between the endoplasmic reticulum (ER)
and the Golgi involves two different types of coated vesicles,
COPI and COPII (Barlowe et al., 1994; Duden et al., 1994;
Letourneur et al., 1994). COPI in yeast is equivalent to the
mammalian COPI-complex (= coatomer) and homologs of all
seven mammalian COPI proteins have also been identified in
yeast (Hosobuchi et al., 1992; Duden et al., 1994, 1998;
Letourneur et al., 1994; Cosson et al., 1996). The COPI protein
complex in general covers Golgi-derived vesicles and is
believed to assist the budding process as well as sorting the
cargos of this vesicle population. At present, it is not clear
whether COPI vesicles function exclusively in retrograde
transport or both in anterograde and retrograde transport
(Pelham, 1994; Bednarek et al., 1995; Gaynor and Emr, 1997;
Rowe et al., 1996; Orci et al., 1997; Scales et al., 1997). COPII
complex proteins were first identified in yeast, but recently
homologues have also been identified in mammalian cells
(Barlowe et al., 1994; Aridor et al., 1995). COPII vesicles bud
exclusively from the ER and carry cargo destined for further
anterograde transport (Bednarek et al., 1995).
There is strong evidence for COPI-coated vesicles being
involved in the recycling of proteins from the Golgi back to the
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sensitive factor) attachment proteins), members of a family of
evolutionarily-conserved proteins required for vesicle fusion
(Clary et al., 1990). NSF and SNAPs were supposed to
function after docking through rearranging SNAREs during the
fusion of lipid bilayers (Söllner et al., 1993b). Recent evidence
suggests, however, that NSF and SNAP act before docking by
activating the SNAREs (Mayer et al., 1996; Otto et al., 1997).
Each type of vesicle fusion involves a specific set of
v-SNARE and t-SNARE proteins (Söllner and Rothman,
1994). Most of them are synaptobrevin-like or syntaxin-like
transmembrane proteins. Newly synthesized members of these
two protein families are first inserted into the ER membrane
before being transported to their cellular destinations via the
secretory pathway (Jäntii et al., 1994; Kutay et al., 1995; Ossig
et al., 1995).
The SNARE proteins identified as v-SNAREs and as
t-SNAREs involved in ER-to-Golgi transport in yeast (Søgaard
et al., 1994) are Sec22(Sly2)p, Bet1(Sly12)p, Bos1p, Ykt6p
and Sed5p (Dascher et al., 1991; Newman et al., 1992; Søgaard
et al., 1994; Hardwick and Pelham, 1992). Retrograde transport
by COPI vesicles depends on two specific transmembrane
proteins: Ufe1p, which represents a member of the family of
syntaxin-related t-SNAREs, and Sec20p (Lewis and Pelham,
1996; Sweet and Pelham, 1992). Similar to COPI mutants,
ufe1-1 and sec20-1 mutants exhibit defects in retrograde GolgiER transport (Lewis and Pelham, 1996; Cosson et al., 1997).
In this work we analyzed the targeting of Sec22p, a
v-SNARE involved in ER-Golgi transport of yeast. Tagged
versions of Sec22p were constructed to monitor the cellular
fate of this tail-anchored membrane protein by different
methods and at various expression levels. Processing by
proteases and visualizing of the stable cleavage products by
western blotting can be used to monitor the arrival of hybrid
proteins in specific target compartments, e.g. in the late Golgi
or in the vacuole (Graham and Emr, 1991; Nishikawa and
Nakano, 1993; Boehm et al., 1994; Chapman and Munro,
1994; Gaynor et al., 1994; Harris and Waters, 1996).
Proteolytic processing of epitope-tagged Sec22p in various
mutants and immunofluorescence experiments showed that the
targeting of Sec22p involves coatomer (COPI)-coated vesicles.

MATERIALS AND METHODS
Yeast strains and growth conditions
Saccharomyces cerevisiae strains are listed in Table 1. Cells were
grown in synthetic minimal medium containing glycerol (3%) and
ethanol (2%), galactose (2%) or glucose (2%) as carbon sources and
supplemented as necessary with 20 mg/l tryptophan, histidine,
adenine or uracil, or 30 mg/l leucine or lysine. To ensure that pairs of
isogenic mutant and wild-type cells were used, different approaches
were employed: (a) comparisons of COPI-mutants (sec21-1 and
sec27-1) with the corresponding wild-type cells were carried out using
mutant cells transformed with either a single copy plasmid encoding
the particular wild-type protein or the same vector without insert
(pRS315-SEC21, pRS315-SEC27, or pRS315 alone); (b) strains
MLY100 and MLY101 were used as a pair of isogenic wild-type
(UFE1) and ufe1-1 mutant cells. Both strains carried a chromosomal
disruption of the UFE1 gene and a centromeric vector with either the
UFE1 wild-type gene or the ufe1-1 allele (Lewis and Pelham, 1996);
(c) isogenic pairs of mutant strains (sec20-1 and an erd2; RSY275 and
B36, repectively), and wild-type strains (RSY255, SEY2102) were

Table 1. List of yeast strains
Strain

Genotype

MATα, SEC, mfa1::ADE2, mfa2::TRP1,
bar1::HIS3, ura3, lys2, leu2, his3,
ade2, trp1
S27PP-1A
MATa, SEC, ura3, leu2
S21PP-6C
MATa, sec21-1, ura3, leu2
WBY-8
MATα, sec21-1, ura3, leu2, lys2
WBY-10
MATα, sec27-1, ura3, leu2, his3,
pep4::HIS3
WBY-6
MATα, sec27-1, ura3, leu2, lys2, ade2
SHC22-12A MATa, sec22-3, ura3, lys2, leu2, his3,
suc2-∆9
RH589-3C MATα, sec23-1, ura3, leu2
RSY255
MATα, SEC, ura3, leu2
RSY275
MATα, sec20-1, ura3, his4
MLY-100
MATα, ura3, ade2, his, trp1, ufe1::TRP1,
containing pUFE315
MLY-101
MATα, ura3, ade2, his, trp1, ufe1::TRP1,
containing pUT1
SEY2102
MATα, ura3, leu2, his4, suc2-∆9
B36
MATα, erd2, ura3, leu2, his4, suc2-∆9
WBY-2

Source
This study
This
This
This
This

study
study
study
study

This study
Boehm et al., 1994
S. Schröder-Köhne
C. Kaiser
C. Kaiser
M. Lewis
M. Lewis
Emr et al., 1983
M. Lewis

obtained from M. Lewis. For cloning purposes Escherichia coli RR1
was used.
Construction of the SEC22/SEC12-α-pheromone hybrid
genes
Plasmids used in this study are listed in Table 2. The α-factor-tagged
Sec22 proteins were constructed as follows. Plasmid pDA6300
carrying the MFα1 gene (Kurjan and Herskowitz, 1982) was cleaved
with EcoRI and a 1.7 kb fragment was cloned into the pBluescript
vector. Cleavage of this plasmid with HindIII and PvuII yields a
fragment which contains a cassette encoding one repeat of the mature
α-factor, the 3′ non-coding region of the MFα1 gene and additional
sequences derived from the pBluescript vector (lacZ gene). The SUC2
reporter gene encoding the invertase portion of the previously
described SEC22-SUC2 hybrid gene (Boehm et al., 1994) was
replaced by this HindIII/PvuII fragment.
The SEC22-α construct was placed under the control of the GAL1
promoter by creating a BglII site before the start codon. This site could
be joined to a BamHI site downstream of the GAL1 promoter in
vectors derived from pCEY6 (d’Enfert et al., 1991).
TMD (transmembrane domain) substitution in Sec22-α
hybrid proteins
The SEC22-α*f-SUC2 construct (Boehm et al., 1994, 1997) carrying
the sequences of the Sec12p-TMD was obtained as follows: PCR was
used to create a BclI site in front of the TMD-encoding sequence of

Table 2. Plasmids used in this study
Plasmid
pWB-GALAα

Genes

pWB-Amα

GAL1-SEC22-c-myc-α, URA3,
CEN4/ARS1
GAL1-SEC22/12-c-myc-α, URA3,
CEN4/ARS1
SEC22-c-myc-α, URA3, 2µm

pWB-Amcα
pRS315

CYC1-SEC22-c-myc-α, URA3, 2µm
LEU2, CEN6/ARSH4

pRS315-SEC21
pRS315-SEC27
pUFE315
pUT1
pDA6300

SEC21, LEU2, CEN6/ARSH4
SEC27, LEU2, CEN6/ARSH4
UFE1, LEU2, CEN6/ARSH4
ufe1-1, LEU2, CEN6/ARSH4
MFα1, LEU2

pWB-GALACα

Source
This study
This study
Ballensiefen and
Schmitt, 1997
Boehm et al., 1997
Sikorski and Hieter,
1989
R. Duden
This study
M. Lewis
M. Lewis
H. Riezman
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SEC12-α*f-SUC2. Thus the SEC12-α*f-SUC2 sequences starting with
codon 354 of SEC12 could be fused to codon 191 of the SEC22-α*fSUC2 gene. The invertase gene was replaced by the sequence
encoding the α-pheromone as described above. For the GAL1dependent ‘pulse-chase’ experiments, this construct was fused to the
GAL1 promoter (plasmid pWBGAL-ACα; Table 2).
Antibodies
The monoclonal anti-c-myc antibody 9E10 (Evan et al., 1985) and a
polyclonal anti-c-myc antibody (A-14) were obtained from Santa Cruz
Biotechnology. Antibodies against Sec22p (R. Ossig and R.
Grabowski), Kar2p/BiP, Kex2p, α-factor (M. Benli and D. Gallwitz),
Ypt7p (D. Schegelmann and D. Gallwitz) and Sec61p (T. Sommer)
were raised in rabbits. Monoclonal antibodies against the 60 kDa
subunit of the vacuolar H+ ATPase (Kane et al., 1992) were from
Molecular Probes. For ECL-detection of the hybrid proteins, HRPcoupled secondary anti-rabbit or anti-mouse antibodies were
purchased from Jackson Laboratories. Cyanine-(Cy2 or Cy3)conjugated secondary antibodies were from Amersham and Jackson
Laboratories, respectively.
Transient expression using the GAL1 promoter
All media used were synthetic minimal media selective for the URA3
and/or LEU2 marker. The yeast transformants growing exponentially
in glucose selective medium (GAL1 promoter repressed) were
transferred to medium containing both 3% glycerol and 2% ethanol
(GAL1 promoter neither repressed nor induced). Equivalents of 1
OD600 of the overnight cultures were harvested. Synthesis of Sec22α was induced by incubating the plasmid-harboring strains for 35
minutes in 2% galactose medium (pulse). Cells were transferred into
2% glucose selective medium to stop the production of hybrid protein
(chase).
Protein extraction and immunoblotting
Western blotting analysis was performed as described by Boehm et
al. (1994). Aliquots (1 OD600 = 1.7×107 cells) of transformed cells
were lysed in 2 M NaOH, 5% mercaptoethanol and proteins
precipitated with 10% trichloroacetic acid (TCA), neutralized with
1 M Tris-base and dissolved in SDS sample buffer. Proteins were
resolved on 12.5% SDS-PAGE. To re-use the nitrocellulose filters for
different immunoblot assays, they were washed for 30 to 60 minutes
with 0.2 M glycine, pH 2.5.
Subcellular fractionation
Extracts from wild-type cells (WBY-2) expressing the SEC22-α hybrid
gene (pWB-GALAα) were fractionated by velocity sedimentation on
sucrose density gradients. The procedure is a modification of the
protocol described by Antebi and Fink (1992). The equivalent of 100
OD600 of cells was collected by centrifugation. The cells were
resuspended in 1 ml of 10 mM Tris-HCl, pH 9.4, 10 mM NaN3, 30
mM β-mercaptoethanol and incubated at room temperature for 10
minutes. After washing with 10 mM NaN3 cells were resuspended in
spheroplasting buffer (1.4 M sorbitol, 50 mM Na-PO4, pH 7.5, 10 mM
NaN3, 80 mM β-mercaptoethanol). 2,000 units of lyticase (Sigma)
were added and the spheroplasting reaction was carried out by gently
shaking the suspension at 30°C. The reaction was monitored by
diluting aliquots of the suspension into water. As soon as the OD600
dropped to 10% of the initial value the suspension was layered onto
a 1.8 M sorbitol cushion and spun at 8,000 g for 5 minutes in a HB4 rotor. The pellet was resuspended in lysis buffer (0.8 M sorbitol, 10
mM triethaonolamine, pH 7.2, 1 mM EDTA, 1 mM PMSF) and the
cells were broken in a 5 ml Dounce homogenizer. The lysate was
cleared twice (10 minutes at 650 g, 4°C).
The supernatant was layered on a 12 step sucrose gradient (10 mM
Hepes, pH 7.5, 10 mM MgCl2, 0-50%, w/v, sucrose) and spun at
170,000 g for 3 hours at 4°C in a SW40 rotor. The gradient was
fractionated from the top. Proteins from these fractions were TCA

precipitated, separated by SDS-PAGE and transferred onto
nitrocellulose filters. Proteins were detected by using the antibodies
listed above and visualized using the ECL detection system from
Amersham.
Indirect immunofluorescence
Immunofluorescence was performed as described by Schröder et al.
(1995). Cells expressing the GAL1-controlled SEC22-α gene were
grown overnight in selective minimal medium containing galactose to
reach OD600 1-1.5 (pulse conditions). An equivalent of 10 OD600 of
cells was collected and resuspended in 10 ml glucose-containing
selective medium (chase conditions). After a chase time of 2 hours
the cells were pre-fixed by adding 1.3 ml of 37% formaldehyde. After
one hour at room temperature fixation was continued in 1 ml of a
paraformaldehyde solution for two additional hours (3.5%
paraformaldehyde in PBS/10% sorbitol). The cells were then washed
with PBS/10% sorbitol, resuspended in 1 ml of this buffer and treated
with 60 units zymolase in the presence of 5 µl/ml β-mercaptoethanol
for one hour to remove cell walls. Spheroplasts were collected,
washed four times in PBS/10% sorbitol and resuspended in 400 µl of
PBS/10% sorbitol. 15 µl of this suspension was applied per slide well,
previously treated with a poly-lysine solution (Sigma) to allow cell
attachment. After 10 minutes the suspension was removed and 15 µl
of blocking solution (PBS/10% sorbitol, 1% Triton X-100, 1% milk
powder) applied for 10 minutes. Incubation with the first antibody (A14, 9E10, anti-Sec61p, anti-Ypt7 or anti-60 kDa V-ATPase) was
carried out overnight at 4°C at appropriate dilution in blocking
solution. After seven consecutive washes of these cells with PBS/10%
sorbitol, secondary antibody was added (Cy3-conjugated Fab
fragment of goat anti-rabbit or anti-mouse IgG, Cy2-conjugated antirabbit or anti-mouse IgG). After 1 hour at 30°C the cells were washed
seven times with PBS/10% sorbitol solution, DNA was stained with
DAPI (4′,6-diamidino-2-phenylindole), and cells were washed twice
in PBS/10% sorbitol. About 200 µl of embedding medium was applied
to each slide and then sealed with a coverslip.

RESULTS
Proteolytic processing of α-factor-tagged Sec22p
(Sec22-α)
The targeting of Sec22(Sly2)p, a v-SNARE protein for ER-toGolgi transport in yeast was investigated by using Sec22pderived hybrid proteins and their Kex2p-dependent processing
in the late Golgi (Fig. 1). In addition we wanted to use this
system to define mutants which are defective in the expected
recycling.
Most mammalian v-SNAREs, as well as Sec22p from yeast,
are tail-anchored transmembrane proteins carrying no or only
a very small luminal extension (Fig. 2A; Dascher et al., 1991;
Hay et al., 1997; Paek et al., 1997). Consequently, the analysis
of the intracellular Sec22p transport requires luminally
exposed peptide- or protein-reporters. It was important to
ensure that its dynamic localization between ER and Golgi was
not affected by the reporter. The overall length of the reporter
including α-factor fused to Sec22p through a Kex2p cleavage
site and a c-myc epitope is only 41 residues (Sec22-α, Fig. 2B;
Boehm et al., 1997; Ballensiefen and Schmitt, 1997). The cmyc epitope was inserted, to give sufficient space between
Kex2p-cleavage site and membrane to guarantee protease
activity by Kex2p on Sec22-α. This also enabled anti-c-myc
antibodies to be used specifically to detect Sec22-α and its
proteolytic products in western blot analyses and by indirect
immunofluorescence.
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Fig. 1. Schematic illustration of the Kex2p-dependent assay for ERretention of α-factor-tagged Sec22p (Sec22-α). (A) Due to recycling
of Sec22-α (open arrow) Sec22-α does not reach the late Golgi in
wild-type cells (Kex2p-containing compartment). (B) The Sec22-α
recycling can be disturbed by saturation due to an overexpression or
by mutations in genes encoding factors which are crucial for its
recycling. Accordingly, Sec22-α escapes to the late Golgi, Kex2p is
able to cleave the tagged protein and α-factor peptide is secreted.

To examine whether Sec22-α is functional, a sec22-3 mutant
strain was transformed with plasmids expressing different
levels of the SEC22-α hybrid gene. We found that SEC22-α

Fig. 2. (A) Diagrammatic representation of the Sec22p
wild-type protein and derived α-factor-tagged hybrid
proteins (Sec22-α and Sec22/12-α) used in this study.
The Sec22/12-α construct harbors the Sec12p
transmembrane domain instead of the original one.
(B) Amino acid sequence of the luminally exposed αfactor tag fused to Sec22p, including the c-myc epitope,
the Kex2p and the Bar1p-cleavage site. Note that the
overall extension of the Sec22p wild-type protein is only
41 residues. The Kex2p trimmed Sec22-α can be
detected in western blot analysis using the anti-Sec22p
serum or the anti-c-myc antibody but not with antibodies
specific for the α-factor.

expressed at wild-type levels (SEC22 promoter, centromeric
plasmid) was sufficient to allow sec22-3 cells to grow at the
non-permissive
temperature
(37°C).
Additionally,
overproduced Sec22-α (GAL1 promoter, centromeric vector)
was able to suppress the growth defect of the ufe1-1 mutation
at 37°C, as reported previously for Sec22 protein (Lewis and
Pelham, 1996).
Previous experiments with Sec22-α in MATa haploid strains,
indicated that it is rapidly processed by the Bar1 protease
(Ballensiefen and Schmitt, 1997); this cleavage occurs in the
ER. This finding, as well as the efficient cleavage by Kex2p in
mutant cells (e.g. Figs 4, 5), confirms that Sec22-α is correctly
inserted into the ER membrane. To avoid cleavage by Bar1p,
all immunoblot experiments presented in this study were
performed in cells of mating type α.
For most of the experiments shown below, SEC22-α was
expressed from the inducible GAL1 promoter (Schneider and
Guarente, 1991). Addition of galactose induces the synthesis
of Sec22-α from the GAL1 promoter-controlled construct. To
guarantee a rapid induction of the hybrid gene the
transformands were preincubated under non-repressive
conditions (3% glycerol and 2% ethanol). After induction by
galactose, expression could be stopped rapidly by transferring
cells to glucose-containing medium. This transient expression
allowed us to perform a kind of ‘pulse-chase’ analysis with
Sec22-α. Results obtained previously by conventional,
radioactive pulse-chase experiments with SEC22-α were
quite similar to the experiments based on the galactose
induction technique (Boehm et al., 1997; Ballensiefen and
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Schmitt, 1997; this work). Nevertheless, utilization of the
inducible GAL1 promoter had several advantages: first, the
quantity of Sec22-α synthesized could be controlled by
varying the induction time. This allowed the production of a
quantity of protein, which was either below or above the
saturation level of the recycling machinery. Second, in
contrast to classical pulse-chase experiments using
constitutive synthesis, Sec22-α is produced only during the
galactose induction (pulse). The amount produced during this
time is easily detectable by western blot analysis. Third, it
gives an opportunity to examine the time-dependent
distribution of Sec22-α and its Kex2p cleavage product by
immunofluorescence or subcellular fractionation, avoiding
the use of cycloheximide. However, the rate of galactosedependent induction can vary between different yeast strains
and growth conditions. Therefore, it was essential to compare
isogenic mutant and wild-type strains which were grown and
treated in parallel (see Materials and Methods). As shown
below, high expression of SEC22-α induces processing of
Sec22-α by Kex2p even in wild-type cells. Two observations
confirmed that the presence of this cleavage product is in fact
related to the late-Golgi protease. First, no cleavage was
observed in cells lacking the KEX2 gene (data not shown).
Second, the presumed Kex2-dependent cleavage product
could be detected by the monoclonal anti-c-myc antibody
9E10 but not by anti α-factor antibodies (see Fig. 9). This
showed the protease had removed the α-factor moiety
exposed at the luminal side of the hybrid protein by cleaving
between the c-myc epitope and the α-factor.
Cellular distribution of Sec22-α in wild-type cells
using a transient expression
To confirm that the subcellular distribution of Sec22-α
resembles that of the wild-type protein, the localization of
both proteins was analyzed by subcellular fractionation on
sucrose gradients. Exponentially growing wild-type cells
(WBY-2) were shifted to galactose-containing medium for 50
minutes to induce the GAL1-controlled SEC22-α gene
(pulse). Cells were transferred to glucose-containing medium
(chase) and incubated for two hours. Extracts were prepared
and analyzed by sedimentation on sucrose density gradients
as described in Materials and Methods. Fractions were
collected and analyzed by immunoblot analysis. The results
were quantified by densitometry. Sec22-α, Kex2p-cleaved
Sec22-α (Kex2p-c.p.) and wild-type Sec22p were detected by
applying an anti-Sec22p serum. The distribution of these
proteins was nearly identical (Fig. 3B). They were found in
fractions containing the Golgi marker Kex2p as well as the
ER markers BiP/Kar2p and Sec61p (Fig. 3A). These results
suggest that the α-factor reporter of the Sec22-α does not
interfere with the cellular localization of the wild-type
Sec22p. The identity of bands was confirmed by analyzing
samples collected at different time points after the transfer to
glucose medium (data not shown). The amount of uncleaved
Sec22-α decreases during the chase time. But even after an
extensive chase time of two hours there was still about 50%
of uncleaved Sec22-α detectable, indicating that the recycling
of Sec22-α before the late Golgi is quite efficient (Kex2pcompartment; Fig. 1). The observation that Kex2p-cleaved
Sec22-α was present in fractions containing the ER markers
indicated that the return of Sec22-α to the ER is also possible

Fig. 3. Subcellular fractionation of cells expressing the GAL1controlled SEC22-α. Wild-type cells (WBY-2) carrying plasmid
pWB-GALAα were grown overnight at 30°C in glycerol/ethanol
minimal medium. To induce synthesis of Sec22-α they were shifted
to galactose minimal medium. After 50 minutes (pulse) cells were
transferred to glucose-containing minimal medium to stop further
synthesis of Sec22-α (chase). Extracts were prepared 120 minutes
after the shift to glucose medium. The low speed supernatant was
centrifuged to equilibrium in a 0%-50% (w/v) sucrose gradient and
fractions were subjected to western blot analysis. Distribution of the
Kex2 wild-type protein indicates the Golgi containing fractions.
Kar2p/BiP and Sec61p were employed as ER markers. The
distribution of the Sec22p wild-type protein, the Sec22-α hybrid
protein and the Kex2p-cleavage product (Kex2p-c.p.) was analyzed
using an anti-Sec22p serum. Fractions were numbered from 1
(0%, w/v, sucrose) to 17 (50%, w/v, sucrose). The immunoblots were
scanned and pixel density was determined with the phosphoimager
software.

from a late Golgi compartment. This result was confirmed by
the immunofluorescence experiments shown below.
In some ER-Golgi recycling mutants Sec22-α is
more rapidly cleaved by Kex2p than in isogenic wildtype cells
Immunoblot analysis was used to determine the rate of Kex2
cleavage of transiently expressed Sec22-α. Transient
expression was achieved by a 35 minutes incubation of cells in
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Fig. 4. Immunoblot analysis of transiently produced Sec22-α. The
SEC22-α hybrid gene on plasmid pWB-GALAα was expressed in
sec21-1 (WBY-8; A) sec27-1 (WBY-6; B) and sec20-1 (RSY275; C)
mutant strains as well as in isogenic wild-type strains (WBY-8 and
WBY-6 containing pRS315-SEC21 or pRS315-SEC27, respectively;
RSY255). Transformands were grown overnight in glycerol/ethanol
medium. To achieve transient expression from the GAL1-controlled
hybrid gene, cells were incubated for 35 minutes in galactosecontaining medium at 25°C (pulse). Then cells were transferred to
glucose-containing medium to stop the expression of SEC22-α
(chase). Incubation was continued at the permissive temperature.
Aliquots were taken after 0, 45 and 90 minutes of incubation in
glucose-containing medium. Extracts from non-induced cells (n.i.)
and cells kept under inducing conditions during the entire
pretreatment (2 hours; i.) were included as controls. The Sec22-α
chimeras and their Kex2p cleavage product (Kex2p-c.p.) were
detected using a polyclonal anti-c-myc antibody A-14.

galactose-containing medium (pulse). After this short pulse,
GAL1-dependent synthesis of Sec22-α was shut down by
transferring the cells to glucose-containing medium. The

Fig. 5. Immunoblot analysis of transiently produced Sec22-α. The
GAL1-controlled SEC22-α hybrid gene (plasmid pWB-GALAα) was
expressed in a ufe1-1 mutant strain and in an isogenic wild-type
strain (MLY-100 and MLY101). Transient expression of SEC22-α
was achieved as described in Fig. 3. (A) Cells were pregrown and
incubated at 25°C during the entire experiment. (B) SEC22-α
expression was induced by incubating the cells in galactosecontaining medium at 30°C. Subsequent incubation in the repressing
glucose medium was performed at 37°C. Extracts from non-induced
cells (n.i.) and cells kept under inducing conditions during the entire
pretreatment (2 hours; i.) were included as controls. The Sec22-α
chimeras and their Kex2p cleavage product (Kex2p-c.p.) were
detected using the polyclonal anti-c-myc antibody A-14.

amount of Sec22-α produced during 35 minutes of induction
is comparable to the steady state level of the endogenous
Sec22p. The chase in glucose-containing medium was
performed for different times (0, 45 and 90 minutes). Two
controls were included into this assay: extracts from noninduced cells (marked ‘n.i. = not induced’ in Figs 4, 5) and
extracts from cells kept under inducing conditions during the
chase time (marked ‘i. = induced’ in Figs 4, 5). As can be seen
in the right panels of Figs 4 and 5, Sec22-α is very slowly
cleaved by Kex2p when the hybrid gene is expressed at low
levels in wild-type strains.
Recycling of v-SNAREs like Sec22p may involve COPIcoated vesicles. To test this, COPI mutants and two other yeast
mutants known to carry defects in the recycling of proteins to
the ER were examined for an increase in Kex2p-dependent
processing of Sec22-α. Mutant cells carrying the sec21-1,
sec27-1, sec20-1 and ufe1-1 alleles were treated and extracts
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analyzed in the same way as the isogenic wild-type cells. In all
these mutants cleavage products were already present after 45
minutes chase in glucose medium. After 90 minutes almost all
Sec22-α was processed by Kex2p (Figs 4, 5B, left part of each
panel). Only after a long period of induction some cleavage
could be observed in wild-type cells (two hours in galactosecontaining medium, lanes marked ‘i.’). As shown below, this
processing is likely to be due to the higher expression levels
reached in these samples. These samples represent the ratio of
uncleaved and cleaved Sec22-α under almost steady state
conditions. Even under these conditions the difference between
mutants and wild-type is quite evident.
The sec21-1, sec27-1 and sec20-1 mutants exhibit secretion
defects at temperatures above 30°C (Novick et al., 1980;
Duden et al., 1994). To observe the increase in processing of
Sec22-α by Kex2p it was not necessary to incubate these
temperature-sensitive (Ts−) mutants at temperatures that inhibit
the growth of these cells. Our results are consistent with the
anterograde transport of these mutants being unaffected at the
permissive
temperature.
Nevertheless,
under
these
experimental conditions, they showed a drastic increase in the
rate of Sec22-α cleavage by Kex2p. In case of the ufe1-1
mutant, however, it was necessary to shift the cells to higher
temperatures to observe Kex2p-cleaved Sec22-α. Under these
conditions Kex2p-cleaved Sec22-α was already detectable at
the end of the induction interval (Fig. 5B).
Several other mutants known to be deficient in the retrieval
of various ER proteins were tested for Sec22-α targeting. As
published earlier, processing of Sec22-α by Kex2p was not
enhanced in either of the ret1 (α-COP) mutants (Boehm et al.,
1997). Likewise, rer1∆ mutants or erd2 recycling mutants did
not influence the Sec22-α targeting as determined by the
Kex2p-dependent processing of Sec22-α (data not shown; see
also Fig. 7). The lack of any observable effect in ret1 and erd2
mutants is most certainly due to the fact that these mutants
were selected for defects in the recycling of very specific
proteins. It does not rule out the possibility that the products
of the RET1 and ERD2 genes are involved in the recycling of
Sec22p. Perhaps other point mutations within these genes may
lead to mislocalization of Sec22-α.
Kex2p cleavage does not occur in the ER of mutants
The results described above could be due to Kex2p being
active in the ER of the mutant cells instead of Sec22-α which
is mislocalized to the late-Golgi. The following experiments
were performed to rule out this possibility. First, ER-to-Golgi
transport was blocked in a COPII mutant (sec23-1)
expressing SEC22-α by incubation at a non-permissive
temperature. To induce transport of Sec22-α to the late Golgi
the protein was overproduced by an overnight induction of
the GAL1-regulated SEC22-α gene (see below). Cells were
then incubated in glucose-containing medium for 3 hours.
During this chase aliquots were incubated either at permissive
or non-permissive temperature (25°C or 35°C). Kex2pdependent cleavage occurred only when cells were incubated
at the permissive temperature (Fig. 6A) proving that ER-toGolgi transport is necessary to observe the processing by the
late-Golgi protease. This is consistent with the previously
made observation that newly synthesized Kex2p is not active
in the ER of sec18 cells when incubated at the non-permissive
temperature (Graham and Emr, 1991; Harris and Waters,

Fig. 6. (A) Cleavage of Sec22-α by Kex2p requires ER-to-Golgi
transport. GAL1-dependent SEC22-α expression was induced by
overnight incubation of sec23-1 cells (strain RH589- 3C) in
galactose-containing medium. To block ER-to-Golgi transport and
trap Sec22-α in the ER an aliquot of the COPII mutants was
incubated at 35°C during the chase in glucose-containing medium.
At the indicated time points cells were harvested and analyzed by
western blot analysis. Sec22-α was detected using poly-clonal antimyc antibodies (A-14). (B) Sec22-α protein carrying the TMD of the
ER-resident protein Sec12p is not cleaved by Kex2p in the COPImutants sec21-1 and sec27-1 (strains WBY-8, WBY-6). Western blot
analysis of transiently expressed SEC22/12-α was performed with
extracts from mutant cells containing vector pWB-GALACα. The
pretreatment of cells was done as described in the legend to Fig. 4.
Glycerol/ethanol-containing medium was used to grow the cells
overnight. To induce the expression of the SEC22-α hybrid gene,
cells were transferred to galactose-containing medium for 35 minutes
(pulse). The temperature was 25°C during this time as well as the
following incubation in glucose medium (chase). Samples were taken
at different times after the transfer to this medium. Extracts from
non-induced cells (n.i.) and cells kept under inducing conditions
during the entire pretreatment (2 hours; i.) were included as controls.
Wild-type Sec22p and Sec22/12-α were detected using a polyclonal
anti-Sec22p serum.

1996; Boehm et al., 1997). In a second control experiment
transport of Sec22-α to the late Golgi was blocked
specifically by replacing the Sec22-transmembrane domain
by that of the ER-resident Sec12p. The TMD of Sec12p is a
very efficient retention signal which confers ER localization
to other proteins. Hybrid proteins carrying the TMD of
Sec12p are not transported beyond a very early Golgi
compartment (Boehm et al., 1994; Sato et al., 1996; Boehm
et al., 1997). Sec22-α carrying the TMD of Sec12p
(Sec22/12-α, see Fig. 2A) was produced in sec21-1 and
sec27-1 mutants. These transformands were treated in the
same way as those expressing the original SEC22-α construct
(Fig. 4A,B). As shown in Fig. 6B no cleavage products
appeared that migrated between the uncleaved Sec22/12-α
protein and the wild-type Sec22 protein indicating that
Sec22/12-α is not processed by Kex2p. Apparently, under the
conditions used in our assays Kex2p had no access a protein
that is likely to cycle between an early Golgi compartment
and the ER. This shows that the cleavage of Sec22-α seen
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above can not be due to the Kex2p present in the ER or early
Golgi. Similar results were obtained with a Sec12-α construct
that was highly overexpressed (CYC1 promoter, 2µ multicopy vector; data not shown). Taken together the increase in
Kex2p-dependent cleavage of Sec22-α in COPI mutants
(sec21-1 and sec27-1) as well as in sec20-1 and ufe1-1
mutants, is a strong evidence that the retrograde transport of
Sec22-α is mediated by COPI-vesicles.
The rate of processing increases with the
expression level of SEC22-α
We examined whether the level of Sec22-α production
influences its targeting and recycling. Overnight incubation of
cells expressing the GAL1-regulated SEC22-α gene in
galactose medium was one possibility to achieve a expression
level higher than that reached in the experiments presented
above. (An even higher expression level was achieved by using
a strong promoter in combination with a high-copy number
plasmid. The results of these experiments will be is described
below.) Aliquots of mutant and wild-type cells containing
pWB-GALAα were taken for immunoblot analysis at the
beginning as well as 1 and 2 hours after the transfer of cells to
glucose-containing medium. As shown in Fig. 7, most of the
hybrid protein is cleaved by the Kex2 protease two hours after
incubation in glucose-containing medium. In contrast to the
results presented above this cleavage occurred not only in
mutants but also in wild-type cells. But still there is a clear
differences in the rate of cleavage when sec21-1 and sec27-1
mutant cells were compared with isogenic wild-type cells (Fig.
7A,B). This indicates that the mechanism preventing cleavage
of Sec22-α by Kex2p is saturable. As expected from the results
mentioned above, no difference in the time course of cleavage
by Kex2p was observed in wild-type cells and the
corresponding erd2 mutant (Fig. 7C).
Immunolocalization of the Kex2p-processed Sec22-α
Indirect immunofluorescence microscopy was used to
determine the localization of Sec22-α in isogenic pairs of wildtype and mutant cells. To induce sufficient quantities of Sec22α to be detected by immunofluorescence, mutant and wild-type
cells were grown overnight at permissive temperature (25°C)
in galactose-containing medium (pulse). Before applying the
immunofluorescence protocol, the cells were incubated in
glucose medium for two hours to shut down the synthesis of
the Sec22-α (chase). Note that these were exactly the
conditions used for the experiment shown in Fig. 7. There were
two reasons to follow this protocol: first, the shut down of
Sec22-α synthesis should avoid a contribution of newly
synthesized Sec22-α to the immunofluorescence pattern.
Second, the results presented in Fig. 7 had shown that most of
the Sec22-α protein produced under these growth conditions
is cleaved by Kex2p. Thus, by applying these growth
conditions one can determine the distribution of Sec22-α
which already had passed through the Kex2-compartment. The
polyclonal anti-c-myc antibody was used to localize Sec22-α
since it does not detect the constitutively produced wild-type
Sec22 protein.
We first compared the Sec22-α localization in a set of
mutants which showed enhanced Sec22-α cleavage by Kex2p
with that of isogenic wild-type cells. In all wild-type cells
Sec22-α was concentrated near the nucleus (Fig. 8, left panels).

Fig. 7. (A and B) Immunoblot analysis of cellular extracts from
sec21-1 and sec27-1 (strains WBY-8, WBY-6) transformands (strains
WBY-8, WBY-6) containing pWB-GALAα. The same transformands
were used as for Figs 4 and 6. Aliquots of cells were harvested after
the overnight incubation in galactose-containing medium (pulse) as
well as 1 hour and 2 hours after the transfer to glucose-containing
minimal medium (chase). A polyclonal anti-Sec22p serum was used
to detect the Sec22p-derived hybrid protein (Sec22-α), its Kex2p
cleavage product (Kex2p-c.p) and the Sec22 protein. Aliquots of the
samples taken at two hours after the shift to glucose-medium were
analyzed by indirect immunofluorescence (first two rows of Fig. 8).
(C) Immunoblot analysis of extracts from erd2 mutant cells (MLY100) and isogenic wild-type cells (MLY-101). Aliquots of cells were
harvested after the overnight incubation in galactose-containing
medium (pulse) as well as 1 hour and 2 hours after the transfer to
glucose-containing minimal medium (chase). Sec22-α and its
Kex2p-processed form (Kex2p-c.p.) were detected using the
polyclonal anti-c-myc antibody (A-14) which was also applied in the
immunofluorescence experiment shown in Fig. 8, fifth row.

This can be seen by comparing the Sec22-α staining pattern
with the nuclear staining by the fluorescent dye DAPI (4′,6diamidino-2-phenylindole). In yeast, ER stained by
immunofluorescence methods appears as a ring around the
nucleus (Rose et al., 1989; Preuss et al., 1992). The labeling
of Golgi proteins results in a punctuate staining. Normally,
about 3 to 12 dots per cell are randomly distributed throughout
the cytoplasm (Franzusoff et al., 1991; Redding et al., 1991;
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Fig. 8. Indirect
immunofluorescence to
determine the localization of
the Sec22-α hybrid protein in
wild-type and isogenic
mutant cells as indicated. To
express a GAL1-controlled
SEC22-α, cells were
transformed with vector
pWB-GALAα. For the
analysis of sec21-1, sec27-1,
sec20-1, ufe1-1 and erd2
mutants and the
corresponding wild-type
cells (same strains as used
for Figs 4, 5 and 7) synthesis
of Sec22-α was induced by
overnight incubation in
selective medium containing
galactose (pulse; 25°C),
followed by two hours of
incubation in glucosecontaining medium to stop
synthesis of the hybrid
protein (chase; 30°C). Fixed
and permeabilized cells were
stained using a polyclonal
anti-c-myc antibody (A-14)
and a Cy3-conjugated
secondary antibody as
described in Materials and
Methods. DAPI-staining was
used to localize the nuclei. In
contrast to the other mutants,
the ufe1-1 mutant and the
corresponding wild-type
strain (UFE1) were
incubated overnight at 30°C
in galactose medium (pulse)
and for 2 hours at 37°C in
glucose-containing medium
(chase) prior to fixation and
immunofluorescence
staining. In parallel to this
analysis aliquots of some
samples were taken for the
immunoblot analysis shown
in Fig. 7.

Antebi and Fink, 1992). In addition to the perinuclear
fluorescence a few dots also appeared in wild-type cells
suggesting that some Sec22-α was present in the Golgi as well
(Fig. 8, left panels). However, the COPI mutants sec27-1 and
sec21-1 as well as sec20-1 and ufe1-1 mutants never showed
ER-immunofluorescence when stained for Sec22-α. Instead
only dots were visible indicating that the protein was trapped
in the Golgi or an endocytic compartment. In contrast to the
other mutants, ufe1-1 cells had to be incubated at temperatures
above 30°C during the chase to observe exclusively the
punctuate staining pattern.
We also analyzed an erd2 mutant strain together with a

corresponding wild-type strain. As mentioned above, the erd2
mutant belongs to those recycling mutants which did not show
an increase in Kex2p-dependent cleavage of Sec22-α. As
expected, Sec22-α is predominantly found in the ER of erd2
mutant and isogenic wild-type cells (Fig. 8, fifth row). In
summary, the results of the immunofluorescence analysis are
consistent with those obtained by Kex2p-dependent cleavage
of Sec22-α produced at a low level (Figs 4, 5). Both approaches
show that COPI as well as Sec20p and Ufe1p are involved in
the recycling of Sec22p from the late Golgi back to the ER.
The lack of perinuclear staining could be due to dramatic
changes in morphology of the ER in the mutants. Therefore,
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an additional immunofluorescence experiment was performed
to exclude this possibility. The sec21-1 and sec27-1 cells were
analyzed for the distribution of Sec61p, an ER-marker protein
(Panzner et al., 1995). Staining with anti-Sec61p antibodies
showed a typical perinuclear ER-staining pattern (Fig. 8, sixth
row). It has been shown by electron microscopy that these
mutants, as well as sec20-1 and ufe1-1 mutants, accumulate ER
structures instead of being depleted of this compartment when
incubated at the restrictive temperature (Novick et al., 1980;
Duden et al., 1994; Lewis and Pelham, 1996). Therefore, the
failure to detect Sec22-α in ER-like structures in these mutants
could not due to the absence of typical ER. In summary, the
absence of ER-fluorescence when stained for Sec22-α is very
likely to be the result of a recycling defect in the mutants.
Sec22-α is retained in the Golgi
Immunolabeling of GAL1-dependently produced Sec22-α in
sec21-1, sec27-1, sec20-1 and ufe1-1 mutants primarily gave
rise to punctuate staining patterns. This suggested that Sec22α is trapped in the Golgi of these mutants. In addition, no
potential vacuolar cleavage product could be observed in the
immunoblot analysis shown above. This suggested that Sec22α may differ from many other mislocalized transmembrane
proteins of the ER and Golgi. Sec22-α may be unusual since
in yeast transport to the vacuole is considered to be the default
pathway for membrane proteins of the ER and Golgi as soon
as they fail to be retained correctly (Roberts et al., 1992;
Gaynor et al., 1994; Chapman and Munro, 1994; Letourneur
et al., 1994). Fig. 9 shows that Sec22-α can, in fact, reach the
vacuole. A cleavage product of Sec22-α migrating just above

Fig. 9. Only when highly overproduced (CYC1 promoter, 2µm
vector) is Sec22-α processed in a Pep4p-dependent manner. Wildtype cells (WBY-2) were transformed with either plasmid pWBAmα (lane 1) or pWB-Amcα (lane 2-8). Whole cell extracts of
transformands were analyzed by immunoblotting using antibodies
specific for Sec22p or Sec22-α: To reveal Sec22-α derivatives as
well as the Sec22 wild-type protein anti-Sec22 antibodies were used
(lane 1 and 2). Uncleaved Sec22-α, its Kex2- and Pep4-dependent
cleavage products (Kex2p-c.p. and Pep4p-c.p.) can be detected with
the polyclonal anti-c-myc antibodies (A-14, lane 3 and 4), while
unprocessed Sec22-α and its Kex2-dependent cleavage product
(Kex2p-c.p.) were visualized using a monoclonal anti-c-myc
antibody (9E10, lane 3 and 4). Anti-α-factor antibody detects only
the uncleaved Sec22-α (lane 7 and 8).

the wild-type Sec22 protein was visible in cells constitutively
overexpressing SEC22-α at a very high level (CYC1 promoter
and multi-copy vector; Fig. 9, lanes 1 and 2). A comparison of
wild-type cells and cells deficient in vacuolar hydrolases
(pep4∆; Klionsky et al., 1990) was used to prove that this
cleavage product originates from partial degradation of Sec22α in the vacuole. As shown in Fig. 9 the fast migrating band
can be detected with Sec22p-specific antibodies or a polyclonal
anti-c-myc antibody (A-14; lane 3), but not with the
monoclonal anti-c-myc antibody (9E10; lane 5) which requires
the entire c-myc-epitope for binding (Evan et al., 1985). This
demonstrates that the short cleavage product seen in the second
lane of Fig. 9 is due to additional cleavage of the luminal
domain of Sec22-α. The absence of this band from extracts of
a pep4 deletion strain indicated that this cleavage indeed
happens in the vacuole. The absence of a Pep4p-dependent
cleavage product in Figs 4, 5 and 7 may therefore be due
retention of Sec22-α in the Golgi.
The lack of vacuolar cleavage observed at low expression
levels is also consistent with the observation that Sec22-α does
not localize to ring-like structures in the cytoplasm (Fig. 8). A
ring-like staining pattern within the cytoplasm is usually
observed if the labeled protein resides on the vacuolar
membrane (Raymond et al., 1992; Kane et al., 1992; see also
lower part of Fig. 10). Double labeling experiments were
performed to determine the localization of the Sec22-α in the
sec21-1 and sec27-1 mutants in more detail. Cells were labeled
with antibodies specific for Sec22-α (9E10; Evan et al., 1985),
the Golgi marker Rer1p (Sato et al., 1996; Boehm et al., 1997)
and the vacuolar marker Ypt7p (Haas et al., 1995). Rer1p was
chosen as a Golgi marker since it is not mislocalized to the
vacuole in sec21-1 and sec27-1 mutants (Boehm et al., 1997).
Cells were treated prior to fixation as described for Fig. 8.
Consistent with the results presented above, Sec22-α was
localized to perinuclear as well as small punctuate structures
in wild-type cells (Fig. 10A, green fluorescence in G). Only
punctuate staining was seen in mutant cells (Fig. 10C,E,I,
green fluorescence in H). Similarly, anti-Rer1p antibodies
exclusively gave rise to punctuate staining patterns in wild-type
as well as mutant cells (Fig. 10B,D,F). The staining associated
with Rer1p substantially overlaps with the punctuate staining
pattern observed for Sec22-α. Similar results were obtained
with Kex2p as Golgi marker (data not shown).
Double labeling experiments also showed that the staining
patterns of Sec22-α and that of the vacuolar marker Ypt7p are
completely distinct (Fig. 10G-K). This proves that Sec22-α
does not reach the vacuole or is not associated with a vacuoleassociated endosomal compartment (Piper et al., 1995; Hicke
et al., 1997). It is important to note that the staining pattern of
Sec22-α as seen in Figs 8 and 10 represents the steady state
distribution of this protein since the synthesis of the hybrid
protein had been stopped 2 hours prior to the fixation of cells.
Vacuolar structures should at least be visible in sec27-1 since
the strain used for these labeling experiments lacks vacuolar
hydrolases. Moreover, sec21-1 and wild-type cells were also
labeled with a monoclonal antibody specific for the 60 kDa
subunit of the vacuolar ATPase (Kane et al., 1992) and the
polyclonal anti-c-myc antibody A-14 which is able to detect
the vacuolar cleavage product. The result of this double
labeling experiment was identical to that shown in Fig. 10G
and H (data not shown). Taken together these results indicate
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Fig. 10. Immunofluorescence localization of Sec22-α, the Golgi marker Rer1p and the vacuolar marker Ypt7p to reveal possible colocalization
in wild-type, sec21 and sec27-1 mutant cells. Wild-type (S21PP-1A), sec21-1 (S21PP-6C) and sec27-1 (pep4∆, WBY-10) cells were
transformed with vector pWB-GALAα. To determine the steady state localization of Sec22-α samples were taken and fixed two hours after the
transfer to glucose medium to stop further synthesis of Sec22-α. Cells were labeled with anti-c-myc antibody (9E10) in combination with Cy2conjugated anti-mouse antibodies (A,C,E,I, green fluorescence in G and H). Polyclonal antibodies together with Cy3-conjugated secondary
antibodies were employed to localize the Golgi marker Rer1p (B,D,F) and the vacuolar marker Ypt7p (K, red fluorescence in G and H).

that Sec22-α does not reach the vacuole or a vacuoleassociated compartment in COPI-mutants.
DISCUSSION
In this work direct evidence is provided for a COPI-dependent
recycling of a v-SNARE involved in ER-to-Golgi transport.
Two assays were performed to examine the targeting of Sec22p
in wild-type and mutant cells. First, cleavage of Sec22-α by
the late Golgi protease Kex2p was used to indicate transport of
the tagged protein to this compartment. This assay was
performed at expression levels comparable to that of the SEC22
wild-type gene. Under these conditions Sec22-α did not reach
the late Golgi in wild-type cells as indicated by the failure to
detect cleavage products of Kex2p from the hybrid protein.
Kex2p-dependent cleavage of Sec22-α was observed in sec20,
sec21, sec27 and ufe1-1 mutant cells.
Immunofluorescence analysis demonstrated that a large
proportion of the Sec22-α protein was located in the ER even
though most of it had been processed by the late Golgi protease

Kex2p. In these experiments processing by Kex2p had been
induced by the strong overexpression of the hybrid gene. This
result confirmed the observation that the distribution of wildtype Sec22p and Kex2p-cleaved hybrid protein in fractions
from sucrose gradients was always identical (Fig. 3). Both
proteins were present in fractions containing ER and Golgi
markers. This distribution resembles that of the C-terminally
tagged ERS-24 protein, a Sec22p homolog from hamster (Paek
et al., 1997). According to Hay et al. (1997), however, an Nterminally tagged Sec22p homolog from mouse localizes to the
ER.
The immunofluorescence experiments showed that the same
set of mutants which displayed an enhanced processing of
Sec22-α by Kex2p failed to exhibit ER-immunofluorescence
when stained for Sec22-α. These mutants were the COPI
mutants sec21-1 (γ-COP) and sec27-1 (β′-COP) as well as
mutants encoding defective Sec20 and Ufe1 proteins.
Therefore, it can be concluded that Sec22p follows the same
route for recycling to the ER as, for instance, the di-lysinetagged transmembrane proteins (Letourneur et al., 1994),
multiple membrane spanning proteins like Erd2p and Rer1p,
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as well as proteins whose retrieval requires the latter two
proteins as auxiliary factors (Lewis and Pelham, 1996; Boehm
et al., 1997; Sato et al., 1997).
Remarkably, the mutants which did not show an effect on
the targeting of Sec22-α (rer1, ret1 and erd2) have been
selected as mutants affected in the ER retention of Sec12p,
KKXX-tagged or HDEL-tagged proteins, respectively. Thus
they express alleles which very specifically affect the retention
of particular proteins. However, most of the mutants which
showed an effect in our assays were isolated as secretion
mutants blocked in ER-to-Golgi transport at the restrictive
temperature (sec20-1, sec21-1 and sec27-1; Novick et al.,
1980; Duden et al., 1994). They exhibit the recycling defect at
the permissive temperature. This argues in favor of the
recycling defect being the primary defect in these mutants
(Gaynor and Emr, 1997). As supposed by Pelham (1994), the
failure to recycle v-SNAREs like Sec22p may reduce the
supply of these membrane proteins for further rounds of vesicle
fusion with the Golgi membrane and this lack of v-SNAREs
may block secretion. Unfortunately, we were not able to select
specific mutants using a halo-assay which detects Kex2pdependent α-factor secretion. This assay was not sensitive
enough to reveal differences between mutants and wild-type
when Sec22-α was expressed constitutively.
Recycling of ER- or Golgi-resident proteins can be initiated
from several compartments. This has been shown for several
mammalian as well as yeast proteins. Jackson et al. (1993)
demonstrated that ER proteins in mammalian cells can be
retrieved from the cis- and medial- Golgi compartments.
KDEL-tagged bacterial exotoxins as well as KDEL-tagged
peptides are transported from the trans-Golgi network to the
ER (Seetharam et al., 1991; Miesenböck and Rothman, 1995).
In yeast, growth conditions and media have a strong influence
on how far HDEL-tagged proteins can reach within the Golgi
before they are retrieved (Hardwick et al., 1990). Also, very
efficient retrieval of a yeast membrane protein from late Golgi
to early Golgi was demonstrated by Harris and Waters (1996).
These authors showed that chimeras derived from the early
Golgi-mannosyltransferase Och1p, are cleaved by Kex2p with
a half time of about 5 minutes while the steady-state
localization of Och1p and its tagged derivatives is in the early
Golgi. To keep the gradient of Och1p across the Golgi, the
apparently fast forward transport must be counteracted by even
more rapid recycling. For the v-SNARE Sec22p our results
indicate that a concentration gradient from ER to late Golgi is
maintained which is steep enough to prevent processing by the
late Golgi protease. Gradients like this may be maintained by
a kind of distillation mechanism consisting of several
consecutive recycling steps (Rothman and Wieland, 1996).
Two findings presented here are consistent with this
hypothesis: First, overproduction induces more rapid transport
of Sec22-α to the late Golgi, while overproduction using a
strong promoter in combination with multi-copy vectors
additionally resulted in transport to the vacuole suggesting that
the putative distillation mechanism can be saturated. Second,
in wild-type cells overproducing Sec22-α ER-localized Sec22α is cleaved by a late-Golgi protease. Therefore, retrieval of
Sec22p may be initiated in different Golgi compartments.
A second possibility for the shift in the concentration
gradient of Sec22-α from ER to Golgi is mutation in genes
encoding COPI components. Accordingly, sec21-1 and

sec27-1 mutants expressing functionally impaired coatomer
exhibit enhanced cleavage of Sec22-α by the late Golgi
protease Kex2p as well as a lack of ER-fluorescence when
stained for Sec22-α. Sec22-α can even reach the vacuole. But
this seems to be an artifact of an extremely high expression
rate. We never observed vacuolar cleavage when Sec22-α was
synthesized transiently in mutants or wild-type cells. Proof for
an efficient Golgi retention of Sec22-α in mutant cells came
from double immunofluorescence experiments. The Golgi
retention of Sec22-α may be due to slow packaging of Sec22p
into vesicles destined to the vacuole or the plasma-membrane.
This Golgi retention is not simply the result of a block in
vacuolar transport of Sec22-α since protease-deficient sec21-1
and sec27-1 cells show perfect colocalization of Sec22-α and
the vacuolar marker Ypt7p when Sec22-α is overproduced at
very high levels (data not shown).
Sec22-α processing in the late Golgi was also enhanced in
sec20-1 and ufe1-1 mutants. While the COPI complex is
implicated in many different kinds of vesicular transport
(Schekman and Orci, 1996; Orci et al., 1997), Sec20p and
Ufe1p are ER-resident proteins (Sweet and Pelham, 1992;
Lewis and Pelham, 1996). Therefore, it is likely that the sec201 and ufe1-1 mutations affect only the transport back from the
earliest Golgi compartment to the ER and not a putative
recycling within consecutive Golgi compartments. It remains
to be determined whether the increased processing of Sec22-α
by Kex2p observed in sec20-1 and ufe1-1 mutants is simply
the result of an impaired early Golgi-to-ER recycling
mechanism or whether these mutants carry defects in intraGolgi recycling as well.
Our results are consistent with the observation that Sec22p
along with other v-SNARE proteins is a constituent of both
COPI and COPII vesicles derived from ER in vitro (Barlowe
et al., 1994; Bednarek et al., 1995; Campbell and Schekman,
1997). Retrograde transport of Sec22p from Golgi to ER is also
obligatory for the recently established function of Sec22p as a
v-SNARE during the fusion of vesicles with the ER membrane
(Lewis et al., 1997). Thus, Sec22p may be important for
anterograde as well as retrograde transport. Two observations
are consistent with this dual function: (a) SEC22 is a multicopy suppressor of vesicle-targeting as well as recycling
defects (Newman et al., 1990; Ossig et al., 1991; Duden et al.,
1994; Sapperstein et al., 1996; Lewis and Pelham, 1996);
(b) like other mutants involved in anterograde and retrograde
transport, the sec22-3 mutant is defective in the retention of
HDEL-tagged proteins (Semenza et al., 1990). There are at
least two other SNARE proteins which may be required for
different steps in vesicular transport. Sed5p may represent a
yeast t-SNARE which functions in anterograde transport from
the ER to the Golgi and in the retrograde transport from later
Golgi (Banfield et al., 1995). In mammalian cells
GOS28/GS28 may function as a v-SNARE in intra-Golgi
(Nagahama et al., 1996) and in ER-to-Golgi transport
(Subramaniam et al., 1996).
The approaches described here will also be applied to other
SNARE proteins. If Sec22p functions in retrograde transport
as well, it may combine with another set of v-SNARE proteins
to form a complex functionally different from one active in
anterograde transport. To achieve this functional specificity
other v-SNAREs like Bos1p and Bet1p might combine with
another subcomplex of the COPI and therefore undergo
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retrieval differently from Sec22p. Our results do not prove that
the Sec22p directly interacts with COPI components. As with
other proteins recycling to the ER a receptor or adapter may
be required to sort or package this v-SNARE into COPI
vesicles (Semenza et al., 1992; Boehm et al., 1997). Further
experiments are required to either identify this adaptor or to
proof that COPI and Sec22p interact directly.
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