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SUMMARY

Vesicle-specific SNAP receptors7(SNARES) are believed to

at levels comparable to the quantities of endogenous

cycle between consecutive membrane compartments. The Sec22p, very little of this protein is cleaved by Kex2p.
V-SNARE Sec22(Sly2)p mediates the targeting of vesicles Efficient cleavage, however, occurs in mutants defective in

between endoplasmic reticulum (ER) and early Golgi of
Saccharomyces cerevisiad@o analyze factors involved in
targeting of Sec22(Sly2)p, an-factor-tagged Sec22 protein
(Sec22a) was employed. Only on reaching the late Golgi,
cana-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 Sec@2is greatly

the retrograde transport of different ER-resident proteins
indicating that Sec22a rapidly reaches the late Golgi of
these cells. These mutantss¢c20-1, sec21-1, sec27ahd
ufel-1) reveal Golgi structures when stained for Sec2a-
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

overproduced. Immunofluorescence microscopy and
subcellular fractionation studies showed that Sec2@-is
returned to the ER from the late Golgi (Kex2p)
compartment. When Sec22x is expressed in wild-type cells

recycling involves retrograde COPI vesicles.

Key words: Sec22p, ER-Golgi;SNARE, Retrograde transport,
COPI

INTRODUCTION ER: (a) The COPI complex in extracts from mammalian and
yeast cells binds proteins carrying the C-terminal di-lysine
Protein transport between secretory compartments is mediatewtif (-KKXX) the retrieval signal carried by ER-resident
by membrane-vesicles (Rothman and Orci, 1992). In yeastype | transmembrane proteins (Cosson and Letourneur, 1994;
vesicular transport between the endoplasmic reticulum (ER)ackson et al., 1990); (b) COPI-complexes from yeast mutants
and the Golgi involves two different types of coated vesicleswith defects in certain subunitee{l-1andsec27-} loose the
COPI and COPII (Barlowe et al., 1994; Duden et al., 1994ability to bind di-lysine motifs in vitro (Letourneur et al.,
Letourneur et al., 1994). COPI in yeast is equivalent to th&994); (c)retl-1 and sec27-1mutants as well as mutants
mammalian COPI-complex (= coatomer) and homologs of allefective in other subunits (&2 ret2-1 and ret3-1) are
seven mammalian COPI proteins have also been identified imable to retain di-lysine-tagged proteins in the ER
yeast (Hosobuchi et al., 1992; Duden et al., 1994, 199¢| etourneur et al., 1994; Cosson et al., 1996); (d) the following
Letourneur et al., 1994; Cosson et al., 1996). The COPI proteneceptors or sorting factors as well as their ligands or substrates
complex in general covers Golgi-derived vesicles and islepend on COPI for recycling from the Golgi to the ER: the
believed to assist the budding process as well as sorting thEDEL-receptor (Erd2p) required for retrograde transport of
cargos of this vesicle population. At present, it is not cleasoluble HDEL-tagged ER proteins (Lewis and Pelham, 1996)
whether COPI vesicles function exclusively in retrogradeand Rerlp which mediates the retrieval of ER transmembrane
transport or both in anterograde and retrograde transpgototeins lacking the KKXX signal (Boehm et al., 1997; Sato
(Pelham, 1994; Bednarek et al., 1995; Gaynor and Emr, 199&t al., 1997).
Rowe et al., 1996; Orci et al., 1997; Scales et al., 1997). COPII Coated vesicles have to be uncoated before they can dock
complex proteins were first identified in yeast, but recenthand fuse with their target membrane (Rothman, 1994). After
homologues have also been identified in mammalian celisncoating a set of specific receptors is exposed on the surface
(Barlowe et al., 1994; Aridor et al., 1995). COPII vesicles buaf the vesicles. These(vesicular)SNAREs can then interact
exclusively from the ER and carry cargo destined for furthewith their cognate t-(target)SNAREs on the acceptor
anterograde transport (Bednarek et al., 1995). membrane (Sollner et al., 1993; Sggaard et al., 1994). The
There is strong evidence for COPI-coated vesicles beingame SNARE derives from the fact that SNARE proteins also
involved in the recycling of proteins from the Golgi back to theact as receptors for SNAPoluble NSF (N-ethylmaleimide-
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sensitivefactor) attachmentproteins), members of a family of Table 1. List of yeast strains
evolutionarily-conserved proteins required for vesicle fusiorg, ;-
(Clary et al.,, 1990). NSF and SNAPs were suppose tR/BY-z
function after docking through rearranging SNARES during the

Genotype Source

MATa, SEC, mfal::ADE2, mfa2::TRP1, This study
barl::HIS3, ura3, lys2, leu2, his3,

fusion of lipid bilayers (Sollner et al., 1993b). Recent evidence ade2, trpl
suggests, however, that NSF and SNAP act before docking Is27PP-1A  MATa, SEC, ura3, leu2 This study
activating the SNAREs (Mayer et al., 1996; Otto et al., l997)$281$g-6<3 mgay 360211-1, Ufa33»| |et22| ) m!s S:ugy
Each type of vesicle fusion involves a specific set of,>" 9, SeCcl-LuUras, 'eus, ys IS study
. . BY-1 MATa, sec27- , leu2, his3, Th
v-SNARE and t-SNARE proteins (Séllner and Rothman, 0 peg4i?4ﬁs3lura3 euz, his3 's study

1994). Most of them are synaptobrevin-like or syntaxin-likewy-6 MATa, sec27-1ura3, leu2, lys2, ade2 This study
transmembrane proteins. Newly synthesized members of theS8C22-12A MATa, sec22-3ura3, lys2, leu2, his3, Boehm et al., 1994
two protein families are first inserted into the ER membran suc249 ) .
before being transported to their cellular destinations via th?égiggfc MATa, sec23-1ura3, leu2 S. Schroder-Kohne

e | MATa, SEC, ura3leu2 C. Kaiser
secretory pathway (Jantii et al., 1994; Kutay et al., 1995; Ossigsy275  MATa, sec20-1ura3, his4 C. Kaiser
et al., 1995). MLY-100  MATa, ura3, ade2, his, trpl, ufel: TRPIM. Lewis
The SNARE proteins identified ag-SNAREs and as containing pFE315 _
t-SNARES involved in ER-to-Golgi transport in yeast (Sggaard--101 Mﬁgﬁialf:]?r?ga@?i, his, trp1, ufel:TRRIM. Lewis
et al., 1994) are Sec22(Sly2)p, Betl(Sly12)p, Boslp, Ykt6Rey2102  MATa, uras, leu2, his4, sucag Enr et al., 1983

and Sed5p (Dascher et al., 1991; Newman et al., 1992; Sggaaus MATa, erd2, ura3, leu2, his4, sue® M. Lewis
et al., 1994; Hardwick and Pelham, 1992). Retrograde transport
by COPI vesicles depends on two specific transmembrane

proteins: Ufelp, which represents a member of the family ofbtained from M. Lewis. For cloning purpogescherichia colRR1
syntaxin-related-SNARESs, and Sec20p (Lewis and Pelhamwas used.

1996; Sweet and Pelham, 1992). Similar to COPI mutant ) .
ufel-landsec20-Imutants exhibit defects in retrograde Golgi-%g:irucuon of the  SEC22/SEC12-a-pheromone hybrid

ER transport (Lewis and Pelham, 1996; Cosson et al., 1997 lasmids used in this study are listed in Table 2.dHfector-tagged

In_this yvork we analyzed _the targeting of Sec22p, ec22 proteins were constructed as follows. Plasmid pDA6300
V-SNARE involved in ER-Golgi transport of yeast. Taggedcarying theMFal gene (Kurjan and Herskowitz, 1982) was cleaved
versions of Sec22p were constructed to monitor the cellulagith Ecorl and a 1.7 kb fragment was cloned into the pBluescript
fate of this tail-anchored membrane protein by differentector. Cleavage of this plasmid withindill and Pvul yields a
methods and at various expression levels. Processing Iagment which contains a cassette encoding one repeat of the mature
proteases and visualizing of the stable cleavage products byfactor, the 3non-coding region of th#Fal gene and additional
western blotting can be used to monitor the arrival of hybri¢equences derived from the pBluescript vedtmz(gene). Th&UC2
proteins in specific target compartments, e.g. in the late GolgfPorter gene encoding the invertase portion of the previously
or in the vacuole (Graham and Emr, 1991; Nishikawa an eslc”bgdbs'ztﬁ_ﬁ'sdﬁ%hmr;d ge”et (Boehm et al., 1994) was
Nakano, 1993; Boehm et al., 1994; Chapman and MunrdEP:acec by MISUNdI=vUL ragment.

1994; Gaynor et al, 1994; Harris and Waters, 1996) The SEC22a construct was placed under the control of @1

. . . ; > —/promoter by creatingBglll site before the start codon. This site could
Proteolytic processing of epitope-tagged Sec22p in Va”OL‘%e joined to aBanH! site downstream of th€AL1 promoter in

mutants and immunofluorescence experiments showed that th&:tors derived from pCEY6 (d’Enfert et al., 1991).

targeting of Sec22p involves coatomer (COPI)-coated vesicles.

TMD (transmembrane domain) substitution in Sec22-  «

hybrid proteins

The SEC22a+f-SUC2construct (Boehm et al., 1994, 1997) carrying
the sequences of the Sec12p-TMD was obtained as follows: PCR was
used to create Bcll site in front of the TMD-encoding sequence of

MATERIALS AND METHODS

Yeast strains and growth conditions
Saccharomyces cerevisiatrains are listed in Table 1. Cells were

grown in synthetic minimal medium containing glycerol (3%) and Table 2. Plasmids used in this study

ethanol (2%), galactose (2%) or glucose (2%) as carbon sources and—

supplemented as necessary with 20 mg/l tryptophan, histidin&lasmid Genes Source
adenine or uracil, or 30 mg/l leucine or lysine. To ensure that pairs @WWB-GALAa  GALI1-SEC22c-myca, URA3, This study
isogenic mutant and wild-type cells were used, different approaches CEN4/ARS1

were employed: (a) comparisons of COPI-mutarsiscZ1l-1and  PWB-GALACa GALIL-SEC22/1Z-myea, URA3,  This study
sec27-) with the corresponding wild-type cells were carried out using CEN4/ARS1 _

mutant cells transformed with either a single copy plasmid encoding"VB-Ama SEC22c-myea, URA3, 2m Ballensiefen and

the particular wild-type protein or the same vector without inserEWB_ Amco CYCESEC22c-myeq, URA3, 2um Boif]?nmg:' a1|9917997

(PRS3158EC21 pRS31SEEC27 or pRS315 alone), (b) strains pesg LEU2, CEN6/ARSH4 Sikorski and Hieter,
MLY100 and MLY101 were used as a pair of isogenic wild-type 1989

(UFED) andufel-1mutant cells. Both strains carried a chromosomalprsS315SEC21 SEC21LEU2, CEN6/ARSH4 R. Duden
disruption of theJFE1 gene and a centromeric vector with either thepRS315SEC27 SEC271.EU2, CEN6/ARSH4 This study

UFE1 wild-type gene or thefel-1allele (Lewis and Pelham, 1996); pUFE315 UFE1, LEU2, CEN6/ARSH4 M. Lewis

(c) isogenic pairs of mutant straise¢20-1and arerd2 RSY275 and ~ pUT1 ufel-1, LEU2, CEN6/ARSH4 M. Lewis

B36, repectively), and wild-type strains (RSY255, SEY2102) werg?PA6300 MFal, LEU2 H. Riezman
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SEC12a+f-SUC2 Thus theSEC12a+f-SUC2sequences starting with  precipitated, separated by SDS-PAGE and transferred onto
codon 354 oSEC12could be fused to codon 191 of t8&C22ea+f- nitrocellulose filters. Proteins were detected by using the antibodies
SUC2 gene. The invertase gene was replaced by the sequenligted above and visualized using the ECL detection system from
encoding thea-pheromone as described above. For GALI1- Amersham.

dependent ‘pulse-chase’ experiments, this construct was fused to the

GAL1 promoter (plasmid pWBAL-ACa; Table 2). Indirect immunofluorescence
o Immunofluorescence was performed as described by Schroder et al.
Antibodies (1995). Cells expressing tHBALI-controlled SEC220 gene were

The monoclonal anti-mycantibody 9E10 (Evan et al., 1985) and a grown overnight in selective minimal medium containing galactose to
polyclonal antie-mycantibody (A-14) were obtained from Santa Cruz reach ORoo 1-1.5 (pulse conditions). An equivalent of 10 §gof
Biotechnology. Antibodies against Sec22p (R. Ossig and Rcells was collected and resuspended in 10 ml glucose-containing
Grabowski), Kar2p/BiP, Kex2m-factor (M. Benli and D. Gallwitz), selective medium (chase conditions). After a chase time of 2 hours
Ypt7p (D. Schegelmann and D. Gallwitz) and Sec61p (T. Sommethe cells were pre-fixed by adding 1.3 ml of 37% formaldehyde. After
were raised in rabbits. Monoclonal antibodies against the 60 kDane hour at room temperature fixation was continued in 1 ml of a
subunit of the vacuolar HATPase (Kane et al., 1992) were from paraformaldehyde solution for two additional hours (3.5%
Molecular Probes. For ECL-detection of the hybrid proteins, HRPparaformaldehyde in PBS/10% sorbitol). The cells were then washed
coupled secondary anti-rabbit or anti-mouse antibodies weraith PBS/10% sorbitol, resuspended in 1 ml of this buffer and treated
purchased from Jackson Laboratories. Cyanine-(Cy2 or Cy3)ith 60 units zymolase in the presence of 5 pfmhercaptoethanol
conjugated secondary antibodies were from Amersham and Jacksfom one hour to remove cell walls. Spheroplasts were collected,

Laboratories, respectively. washed four times in PBS/10% sorbitol and resuspended in 400 pl of
) ] ] PBS/10% sorbitol. 15 pl of this suspension was applied per slide well,
Transient expression using the ~ GAL1 promoter previously treated with a poly-lysine solution (Sigma) to allow cell

All media used were synthetic minimal media selective fotdRA3  attachment. After 10 minutes the suspension was removed and 15 pl
and/orLEU2 marker. The yeast transformants growing exponentiallyof blocking solution (PBS/10% sorbitol, 1% Triton X-100, 1% milk

in glucose selective mediumGAL1 promoter repressed) were powder) applied for 10 minutes. Incubation with the first antibody (A-
transferred to medium containing both 3% glycerol and 2% ethandl4, 9E10, anti-Sec61p, anti-Ypt7 or anti-60 kDa V-ATPase) was
(GAL1 promoter neither repressed nor induced). Equivalents of tarried out overnight at 4°C at appropriate dilution in blocking
ODgoo of the overnight cultures were harvested. Synthesis of Sec22olution. After seven consecutive washes of these cells with PBS/10%
o was induced by incubating the plasmid-harboring strains for 3Sorbitol, secondary antibody was added (Cy3-conjugated Fab
minutes in 2% galactose medium (pulse). Cells were transferred infoagment of goat anti-rabbit or anti-mouse 1gG, Cy2-conjugated anti-
2% glucose selective medium to stop the production of hybrid proteirabbit or anti-mouse IgG). After 1 hour at 30°C the cells were washed

(chase). seven times with PBS/10% sorbitol solution, DNA was stained with
) ] ) ) DAPI (4,6-diamidino-2-phenylindole), and cells were washed twice
Protein extraction and immunoblotting in PBS/10% sorbitol. About 200 pl of embedding medium was applied

Western blotting analysis was performed as described by Boehm &t each slide and then sealed with a coverslip.

al. (1994). Aliquots (1 OByo= 1.7<107 cells) of transformed cells

were lysed in 2 M NaOH, 5% mercaptoethanol and proteins

precipitated with 10% trichloroacetic acid (TCA), neutralized withRESULTS

1 M Tris-base and dissolved in SDS sample buffer. Proteins were

resolved on 12.5% SDS-PAGE. To re-use the nitrocellulose filters f ; ;

different immunoblot assays, they were washed for 30 to 60 minut%gizozlyg(): processing of  a-factor-tagged Sec22p

with 0.2 M glycine, pH 2.5. . .

The targeting of Sec22(Sly2)pyveéSNARE protein for ER-to-
Subcellular fractionation Golgi transport in yeast was investigated by using Sec22p-
Extracts from wild-type cellS/BY-3 expressing thEEC22a hybrid  derived hybrid proteins and their Kex2p-dependent processing
gene (PWBGALAQ) were fractionated by velocity sedimentation on in the late Golgi (Fig. 1). In addition we wanted to use this
sucrose density gradients. The procedure is a modification of thgystem to define mutants which are defective in the expected
protocol described by Antebi and Fink (1992). The equivalent of 10@ecycling.
ODgoo of cells was collected by centrifugation. The cells were Most mammaliav-SNARES, as well as Sec22p from yeast

resuspended in 1 ml of 10 mM Tris-HCI, pH 9.4, 10 mM B&laB0 " - .
mM B-mercaptoethanol and incubated at room temperature for 19 tail-anchored transmembrane prateins carrying no or only

minutes. After washing with 10 mM NaNells were resuspended in a very small luminal extension (Fig. 2A; Dascher et al., 1991’_
spheroplasting buffer (1.4 M sorbitol, 50 mM NapH 7.5, 10 mM  Hay et al., 1997; Paek et al., 1997). Consequently, the analysis
NaNsz, 80 mM B-mercaptoethanol). 2,000 units of Iyticase (S|gma)0f the intracellular SeC22p transport requires |Um|na”y
were added and the spheroplasting reaction was carried out by ger@ifposed peptide- or protein-reporters. It was important to
shaking the suspension at 30°C. The reaction was monitored @nsure that its dynamic localization between ER and Golgi was
diluting aliquots of the suspension into water. As soon as th@dOD not affected by the reporter. The overall length of the reporter
dropped to 10% of the initial value the suspension was layered onfacluding a-factor fused to Sec22p through a Kex2p cleavage
a 1.8 M sorbitol cushion and spun at 8,@0@r 5 minutes in a HB-  gjte and a eaycepitope is only 41 residues (Sea22Fig. 2B;

4 rotor. The pellet was resuspended in lysis buffer (0.8 M sorbitol, 1%0ehm et al., 1997; Ballensiefen and Schmitt, 1997). The c-
mM triethaonolamine, pH 7.2, 1 mM EDTA, 1 mM PMSF) and themyc epitope was inserted, to give sufficient space between

cells were broken in a 5 ml Dounce homogenizer. The lysate Wa]i 20-cl it q b ¢ i t
cleared twice (10 minutes at 6§04°C). ex2p-cleavage site and membrane to guarantee protease

The supernatant was layered on a 12 step sucrose gradient (10 rtivity by Kex2p on Sec2a- This also enabled antiroyc
Hepesy pH 75, 10 mM Mg@| 0_50%’ W/V, sucrose) and spun at anthOdIeS to be Used SpeCIflca”y to deteCt S(H:H’td Its

170,000g for 3 hours at 4°C in a SW40 rotor. The gradient wasproteolytic products in western blot analyses and by indirect
fractionated from the top. Proteins from these fractions were TCAmmunofluorescence.
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expressed at wild-type levelSEC22promoter, centromeric
plasmid) was sufficient to allowec22-3cells to grow at the
non-permissive temperature (37°C). Additionally,
overproduced Sec22-(GAL1 promoter, centromeric vector)
was able to suppress the growth defect ofutied-1mutation

at 37°C, as reported previously for Sec22 protein (Lewis and
Pelham, 1996).

Previous experiments with Sec22n MATa haploid strains,
indicated that it is rapidly processed by the Barl 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 See22-correctly
inserted into the ER membrane. To avoid cleavage by Barlp,
all immunoblot experiments presented in this study were
performed in cells of mating type

For most of the experiments shown bel&£C22a was

Fig. 1.Schematic illustration of the Kex2p-dependent assay for ER- expressed from the inducib@AL1 promoter (Schneider and
retention ofo-factor-tagged Sec22p (Sec@2-(A) Due to recycling
of Sec22ea (open arrow) Sec2@-does not reach the late Golgi in

wild-type cells (Kex2p-containing compartment). (B) The Sex22-

recycling can be disturbed by saturation due to an overexpression
by mutations in genes encoding factors which are crucial for its

recycling. Accordingly, Sec2@-escapes to the late Golgi, Kex2p is
able to cleave the tagged protein anthctor peptide is secreted.

To examine whether Sec2@is functional, ssec22-3nutant
strain was transformed with plasmids expressing differenquite similar to the experiments based on the galactose
levels of theSEC22a hybrid gene. We found th&EC22a

Guarente, 1991). Addition of galactose induces the synthesis
of Sec22a from theGAL1promoter-controlled construct. To
guarantee a rapid induction of the hybrid gene the

Ofransformands 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
Sec22a. Results obtained previously by conventional,
radioactive pulse-chase experiments wBEC22a were

induction technique (Boehm et al., 1997; Ballensiefen and

A
_I:J_ N N
Cytosol
Membrane H
Lumen ¢ ‘—’ see Fig. 2B
c c
Sec22p  Sec22- (1 Sec22/12-at
(WT)
O sec2zp- B Seci2p- transmembrane domain (TMD)
= c-myc-epitope and Kex2p-cleavage site
[[] o-factor tag
Fig. 2.(A) Diagrammatic representation of the Sec22p
wild-type protein and derived-factor-tagged hybrid
proteins (Sec22- and Sec22/12) used in this study. B 2 o
The Sec22/12x construct harbors the Sec12p @p“' 63\"
transmembrane domain instead of the original one. & o
(B) Amino acid sequence of the luminally exposed e 5&”
factor tag fused to Sec22p, including thengeepitope, i ; *ﬁ o8
the Kex2p and the Barlp-cleavage site. Note that the i & +*

overall extension of the Sec22p wild-type protein is only
41 residues. The Kex2p trimmed Sea22an be

detected in western blot analysis using the anti-Sec22p
serum or the anti-mycantibody but not with antibodies
specific for thex-factor.

NH2 // Seczzp F'ﬁ;.‘.)l.

Cytosol

.EQKLISEEDLNYKR[EA EA[WHWLQL::PGQPMI’ - COOH

M. 1172 13 M1S16TIH19 20 21 22 23 24 2526 27T 26 20 30 31 32 33 M 3535 37 38 30 40 41 -resces

Membrane Lumen a-factor tag (13 residues)
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Schmitt, 1997; this work). Nevertheless, utilization of the A
inducible GAL1 promoter had several advantages: first, the 2
quantity of Sec22» synthesized could be controlled by
varying the induction time. This allowed the production of a

sucrose gradient, Golgi- and ER-marker

2 oy ——  Kex2p/Golgi

guantity of protein, which was either below or above the AT s BiP/Kar2p/ER
g" / \\ O Sec6Ip/ER

saturation level of the recycling machinery. Second, ir
contrast to classical pulse-chase experiments usin
constitutive synthesis, Sec2Ris produced only during the
galactose induction (pulse). The amount produced during th
time is easily detectable by western blot analysis. Third, i
gives an opportunity to examine the time-dependen
distribution of Sec22x and its Kex2p cleavage product by
immunofluorescence or subcellular fractionation, avoiding
the use of cycloheximide. However, the rate of galactose 1
dependent induction can vary between different yeast strait

and growth conditions. Therefore, it was essential to compal
isogenic mutant and wild-type strains which were grown an
treated in parallel (see Materials and Methods). As show B sucrose gradient, Sec22p and hybridproteins
below, high expression dBEC22a induces processing of 25
Sec22a by Kex2p even in wild-type cells. Two observations
confirmed that the presence of this cleavage productisinfa |
related to the late-Golgi protease. First, no cleavage we /\ e Kexzpcp.
observed in cells lacking th€EX2 gene (data not shown). : we-Onens Scc22p (WT)
Second, the presumed Kex2-dependent cleavage prodt
could be detected by the monoclonal anti-c-myc antibod:
9E10 but not by antix-factor antibodies (see Fig. 9). This
showed the protease had removed tndactor moiety
exposed at the luminal side of the hybrid protein by cleavini
between the c-myc epitope and tindactor.

% pixel density

T T T T T 1 T
4 5§ 6 7 8 9 10 11 12 13 14 15 16 17

fraction number

—&— Sec2-a

% pixel density

0+ T T T T T T T

Cellular distribution of Sec22- a in wild-type cells 1 2 3 4 5 6 7 8 o 10 11 12 13 14 15 16 17
using a transient expression fraction number

To confirm that the subcellular distribution of SeaP2- ig. 3. Subcellular fractionation of cells expressing GgL1-

resembles that of the wild-type protein, the localization OtontrolledSEC22a. Wild-type cells (WBY-2) carrying plasmid
both proteins was analyzed by subcellular fractionation 0OBwB-GALAa were grown overnight at 30°C in glycerol/ethanol
sucrose gradients. Exponentially growing wild-type cellsminimal medium. To induce synthesis of Seclthey were shifted
(WBY-3 were shifted to galactose-containing medium for 5Qo galactose minimal medium. After 50 minutes (pulse) cells were
minutes to induce theGALl-controlled SEC22e gene transfer_red to glucose-containing minimal medium to stop f_urther
(pulse). Cells were transferred to glucose-containing mediugynthesis of Sec2@-(chase). Extracts were prepared 120 minutes
(chase) and incubated for two hours. Extracts were preparéffer the shift to glucose medium. The low speed supernatant was
and analyzed by sedimentation on sucrose density gradie trifuged to equilibrium in a 0%-50% (w/v) sucrose gradient and

. . . : actions were subjected to western blot analysis. Distribution of the
as described in Materials and Methods. Fractions Weréexz wild-type protein indicates the Golgi containing fractions.

collected and analyzed by immunoblot analysis. The res“"i%aer/BiP and Sec61p were employed as ER markers. The

were quantified by densitometry. Sea22Kex2p-cleaved gistribution of the Sec22p wild-type protein, the SeaZybrid

Sec22e (Kex2p-c.p.) and wild-type Sec22p were detected bysrotein and the Kex2p-cleavage product (Kex2p-c.p.) was analyzed
applying an anti-Sec22p serum. The distribution of thesesing an anti-Sec22p serum. Fractions were numbered from 1
proteins was nearly identical (Fig. 3B). They were found in0%, w/v, sucrose) to 17 (50%, w/v, sucrose). The immunoblots were
fractions containing the Golgi marker Kex2p as well as thecanned and pixel density was determined with the phosphoimager
ER markers BiP/Kar2p and Sec61p (Fig. 3A). These resulgpftware.

suggest that the-factor reporter of the Seca?-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 tsom a late Golgi compartment. This result was confirmed by
glucose medium (data not shown). The amount of uncleavetle immunofluorescence experiments shown below.

Sec22ea decreases during the chase time. But even after an ) ) )

extensive chase time of two hours there was still about 5098 some ER-Golgi recycling mutants Sec22- o is

of uncleaved Sec2@-detectable, indicating that the recycling more rapidly cleaved by Kex2p than in isogenic wild-

of Sec22a before the late Golgi is quite efficient (Kex2p- type cells

compartment; Fig. 1). The observation that Kex2p-cleavetihmunoblot analysis was used to determine the rate of Kex2
Sec22e was present in fractions containing the ER markergleavage of transiently expressed Sea22-Transient
indicated that the return of Sec@2o the ER is also possible expression was achieved by a 35 minutes incubation of cells in
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Fig. 4. Immunoblot analysis of transiently produced Sea2Zhe
SEC22a hybrid gene on plasmid pWBALAa was expressed in
sec21-1(WBY-8; A) sec27-1WBY-6; B) andsec20-1RSY275; C)

mutant strains as well as in isogenic wild-type strains (WBY-8 and

WBY-6 containing pRS31SEC2lor pRS315SEC27 respectively;

RSY255). Transformands were grown overnight in glycerol/ethanol

medium. To achieve transient expression fromGhé.1-controlled
hybrid gene, cells were incubated for 35 minutes in galactose-

containing medium at 25°C (pulse). Then cells were transferred to

glucose-containing medium to stop the expressid®EdE22a

(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-
chimeras and their Kex2p cleavage product (Kex2p-c.p.) were
detected using a polyclonal agtimycantibody A-14.

ufel-1 | wT

- —Sec22-o
% ~Kex2p-c.p.

pre— _. - e

ni. 0' 45 60" . |n.i. 0 45 90' .

pulse and chase at 25°C
ufe1-1 | wT

—Sec22-a
~Kex2p-c.p.

’ — am = OB
- — -

0' 45' 60 i |0 45 90' i

pulse at 30 °C and chase at 37°C

Fig. 5. Immunoblot analysis of transiently produced Sea2Zhe
GALI-controlledSEC22a hybrid gene (plasmid pWBALAQ) was
expressed in afel-1mutant strain and in an isogenic wild-type

strain (MLY-100 and MLY101). Transient expressiors&C22a

was achieved as described in Fig. 3. (A) Cells were pregrown and
incubated at 25°C during the entire experiment.3BL22a

expression was induced by incubating the cells in galactose-
containing 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-
chimeras and their Kex2p cleavage product (Kex2p-c.p.) were
detected using the polyclonal antimycantibody A-14.

amount of Sec22 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 non-
induced 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, Sec2® 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 COPI-
coated vesicles. To test this, COPI mutants and two other yeast
mutants known to carry defects in the recycling of proteins to

galactose-containing medium (pulse). After this short pulsehe ER were examined for an increase in Kex2p-dependent
GALl-dependent synthesis of Sea22was shut down by processing of Sec2@- Mutant cells carrying thesec21-1,
transferring the cells to glucose-containing medium. Theec27-1sec20-land ufel-1alleles were treated and extracts
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analyzed in the same way as the isogenic wild-type cells. I A sec23-1

these mutants cleavage products were already present aft

minutes chase in glucose medium. After 90 minutes almos 25°c |35°

Sec22a was processed by Kex2p (Figs 4, 5B, left part of e: -Sec22-0L
panel). Only after a long period of induction some cleav: LA -Kex2p c.p.
could be observed in wild-type cells (two hours in galacto , ,

containing medium, lanes marked ‘i."). As shown below, tl B 0'| 180

processing is likely to be due to the higher expression le

reached in these samples. These samples represent the r: sec21-1 | sec27-1

uncleaved and cleaved Sea22under almost steady stat
conditions. Even under these conditions the difference betw
mutants and wild-type is quite evident. ——— w———p -Sec22/12-

Thesec21-]1sec27-landsec20-Imutants exhibit secretior
defects at temperatures above 30°C (Novick et al., 1¢ RN W0 R W0 W0 o W0 W = -Sec22p
Duden et al., 1994). To observe the increase in processir
Sec22a by Kex2p it was not necessary to incubate th¢ n.i. 0' 45' 90" i. |n.i. 0' 45' 90' i.
temperature-sensitive (Tlanutants at temperatures that inhik

the growth of these cells. Our results are consistent with they g (A) Cleavage of Sec2a-by Kex2p requires ER-to-Golgi
anterograde transport of these mutants being unaffected at {ighsport GAL1-dependenSEC22a expression was induced by
permissive  temperature.  Nevertheless, under thesgeright incubation aec23-Icells (strain RH589- 3C) in
experimental conditions, they showed a drastic increase in thylactose-containing medium. To block ER-to-Golgi transport and
rate of Sec22x cleavage by Kex2p. In case of thel-1 trap Sec22x in the ER an aliquot of the COPII mutants was
mutant, however, it was necessary to shift the cells to highércubated at 35°C during the chase in glucose-containing medium.
temperatures to observe Kex2p-cleaved Sec2@nder these At the indicated time points cells were harvested and analyzed by
conditions Kex2p-cleaved Sec22was already detectable at Western blot analysis. Sec22was detected using poly-clonal anti-
the end of the induction interval (Fig. 5B). myc an_tlbodles (A_-l4). (B) Seca2protein carrying the_TMD of the
Several other mutants known to be deficient in the retriev Reresident protein Sec12p is not cleaved by Kex2p in the COPI-

. . . utantssec21-landsec27-1(strains WBY-8, WBY-6)Western blot
of various ER proteins were tested for Sec2@rgeting. AS  anqiysis of transiently expressBEC22/12x was performed with

published earlier, processing of Sea2dy Kex2p was not  extracts from mutant cells containing vector p\@BLACa. The

enhanced in either of thretl (a-COP) mutants (Boehm et al., pretreatment of cells was done as described in the legend to Fig. 4.

1997). LikewisererlA mutants orerd2recycling mutants did  Glycerol/ethanol-containing medium was used to grow the cells

not influence the Sec22-targeting as determined by the overnight. To induce the expression of 81 C22a hybrid gene,

Kex2p-dependent processing of Secl@ata not shown; see cells were transferred to galactose-cont_aining m_edium for 35 minutes

also Fig. 7). The lack of any observable effeaeil anderd2 ~ (Pulse). The temperature was 25°C during this time as well as the

mutants is most certainly due to the fact that these mutanf@/owing incubation in glucose medium (chase). Samples were taken

were selected for defects in the recycling of very specifiét different times after the transfer to this medium. Extracts from
roteins. It does not rule out the possibility that the roductnon-_InCIUCeOI cells (n.I.) and cells kept under inducing conditions

P P y P! 8ur|ng the entire pretreatment (2 hours; i.) were included as controls.

of theRET1andERD2genes are involved in the recycling of \yjiy_type Sec22p and Sec22/towere detected using a polyclonal

Sec22p. Perhaps other point mutations within these genes mayi-sec22p serum.

lead to mislocalization of Sec22-

Kex2p cleavage does not occur in the ER of mutants

The results described above could be due to Kex2p beiriP96; Boehm et al., 1997). In a second control experiment
active in the ER of the mutant cells instead of Sex2#ich  transport of Sec2&- to the late Golgi was blocked

is mislocalized to the late-Golgi. The following experimentsspecifically by replacing the Sec22-transmembrane domain
were performed to rule out this possibility. First, ER-to-Golgiby that of the ER-resident Sec12p. The TMD of Secl12p is a
transport was blocked in a COPIl mutanse¢23-)}  very efficient retention signal which confers ER localization
expressingSEC22a by incubation at a non-permissive to other proteins. Hybrid proteins carrying the TMD of
temperature. To induce transport of Sec2@ the late Golgi Secl2p are not transported beyond a very early Golgi
the protein was overproduced by an overnight induction ofompartment (Boehm et al., 1994; Sato et al., 1996; Boehm
the GALl-regulatedSEC22a gene (see below). Cells were et al., 1997). Sec2@- carrying the TMD of Secl2p
then incubated in glucose-containing medium for 3 hourgSec22/124, see Fig. 2A) was produced ®ec2l-land
During this chase aliquots were incubated either at permissivec27-1mutants These transformands were treated in the
or non-permissive temperature (25°C or 35°C). Kex2psame way as those expressing the orighi&C22a construct
dependent cleavage occurred only when cells were incubatééig. 4A,B). As shown in Fig. 6B no cleavage products
at the permissive temperature (Fig. 6A) proving that ER-toappeared that migrated between the uncleaved Sec@2/12-
Golgi transport is necessary to observe the processing by tpeotein and the wild-type Sec22 protein indicating that
late-Golgi protease. This is consistent with the previoushBSec22/124 is not processed by Kex2p. Apparently, under the
made observation that newly synthesized Kex2p is not activeonditions used in our assays Kex2p had no access a protein
in the ER ofsec18cells when incubated at the non-permissivethat is likely to cycle between an early Golgi compartment
temperature (Graham and Emr, 1991; Harris and Waterand the ER. This shows that the cleavage of Sec22en
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above can not be due to the Kex2p present in the ER or eal

Golgi. Similar results were obtained with a Secl@nstruct | wr sec21-1
that was highly overexpresse@YC1 promoter, 2 multi-

copy vector; data not shown). Taken together the increase S6022-0 — @B = -
Kex2p-dependent cleavage of Sea22n COPI mutants Kex2p-c.p.— == o= o= @ = -~

(sec21-1land sec27-) as well as insec20-1and ufel-1 Sec22p — ww e @ o @ @ MIE-Secasp
mutants, is a strong evidence that the retrograde transport
22 i i Pl-vesicles. e, %, 9
Sec22e is mediated by COPI-vesicles %%o%"@&%%o %&
The rate of processing increases with the T eNgF TN

expression level of SEC22-a

We examined whether the level of Sea22production B

influences its targeting and recycling. Overnight incubation o | wr | sec27-1 |

cells expressing theGALlLregulated SEC22a gene in

galactose medium was one possibility to achieve a expressi —— S

level higher than that reached in the experiments present Kex2p-c.p.— .. - - - anti-Sec22p
above. (An even higher expression level was achieved by usii e
a strong promoter in combination with a high-copy numbe
plasmid. The results of these experiments will be is describe %, “4,,%“6 v s B
below.) Aliquots of mutant and wild-type cells containing q,% & @"qo@"&
pWB-GALAa were taken for immunoblot analysis at the : ¢ ¥ ¢
beginning as well as 1 and 2 hours after the transfer of cells

glucose-containing medium. As shown in Fig. 7, most of the

hybrid protein is cleaved by the Kex2 protease two hours afte C | wT | erd? |
incubation in glucose-containing medium. In contrast to the

results presented above this cleavage occurred not only

mutants but also in wild-type cells. But still there is a clea

Sec22p — w— - - — - —

differences in the rate of cleavage whsmt21-landsec27-1 SE220 - m = .. == =m o 2Ntrc-myc
mutant cells were compared with isogenic wild-type cells (Fig

7A,B). This indicates that the mechanism preventing cleavag o, o L5 o, 5

of Sec22a by Kex2p is saturable. As expected from the result: Yoy P e % S5 SN

mentioned above, no difference in the time course of cleava % TNy % TN\

by Kex2p was observed in wild-type cells and the

correspondingerd2 mutant (Fig. 7C). Fig. 7.(A and B) Immunoblot analysis of cellular extracts from

sec21-landsec27-1(strains WBY-8, WBY-6) transformands (strains
Immunolocalization of the Kex2p-processed Sec22- o WBY-8, WBY-6) containing pWBGALAa. The same transformands

Indirect immunofluorescence microscopy was used tdvere used as for Figs 4 and 6. Aliquots of cells were harvested after
determine the localization of Sec#dn isogenic pairs of wild- the overnight incubation in galactose-containing medium (pulse) as

tvpe and mutant cells. To induce sufficient quantities of Sec? vell as 1 hour and 2 hours after the transfer to glucose-containing
yp : a inimal medium (chase). A polyclonal anti-Sec22p serum was used

o to be detected by mm_unoﬂuorescgnqetant and wild-type 5 getect the Sec22p-derived hybrid protein (Sex22s Kex2p
cells were grown overnight at permissive temperature (25°Cgleavage product (Kex2p-c.p) and the Sec22 protein. Aliquots of the
in galactose-containing medium (pulse). Before applying theamples taken at two hours after the shift to glucose-medium were
immunofluorescence protocol, the cells were incubated ianalyzed by indirect immunofluorescence (first two rows of Fig. 8).
glucose medium for two hours to shut down the synthesis ¢€) Immunoblot analysis of extracts fr@rd2mutant cells (MLY-
the Sec22x (chase). Note that these were exactly thel00) and isogenic wild-type cells (MLY-101). Aliquots of cells were
conditions used for the experiment shown in Fig. 7. There wefé@rvested after the overnight incubation in galactose-containing
two reasons to follow this protocol: first, the shut down ofmedium (pulse) as well as 1 hour and 2 hours after the transfer to
Sec22a synthesis should avoid a contribution of newly 8lucose-containing minimal medium (chase). Seazind its
. . Kex2p-processed form (Kex2p-c.p.) were detected using the

synthesized Sec22-to the Imml_mofluorescence pattern. poﬁclonal antie-mycantibody (A-14) which was also applied in the
Second, the resul_ts presented in Fig. 7 had shown that _mOStiﬂ unofluorescence experiment shown in Fig. 8, fifth row.
the Sec22x protein produced under these growth conditions
is cleaved by Kex2p. Thus, by applying these growth
conditions one can determine the distribution of Sex22-
which already had passed through the Kex2-compartment. THéis can be seen by comparing the Sea2Zaining pattern
polyclonal anti-cmycantibody was used to localize Sea22- with the nuclear staining by the fluorescent dye DAPK{4
since it does not detect the constitutively produced wild-typeiamidino-2-phenylindole). In yeast, ER stained by
Sec22 protein. immunofluorescence methods appears as a ring around the

We first compared the Sec2ldocalization in a set of nucleus (Rose et al., 1989; Preuss et al., 1992). The labeling
mutants which showed enhanced Sea2deavage by Kex2p of Golgi proteins results in a punctuate staining. Normally,
with that of isogenic wild-type cells. In all wild-type cells about 3 to 12 dots per cell are randomly distributed throughout
Sec22a was concentrated near the nucleus (Fig. 8, left panelshe cytoplasm (Franzusoff et al., 1991; Redding et al., 1991;
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Fig. 8.Indirect
immunofluorescence to
determine the localization of
the Sec22x hybrid protein in
wild-type and isogenic
mutant cells as indicated. To
express &ALI-controlled
SEC22q, cells were
transformed with vector
pWB-GALA«Q. For the
analysis okec21-1, sec27-1,
sec20-1, ufel-1 and erd2
mutants and the
corresponding wild-type
cells (same strains as used
for Figs 4, 5 and 7) synthesis
of Sec22a was induced by
overnight incubation in
selective medium containing
galactose (pulse; 25°C),
followed by two hours of
incubation in glucose-
containing medium to stop
synthesis of the hybrid
protein (chase; 30°C). Fixed
and permeabilized cells were
stained using a polyclonal
anti-<c-mycantibody (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,
theufel-1mutant and the
corresponding wild-type
strain UFEL) 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 perinuclearcorresponding wild-type strain. As mentioned above etd@
fluorescence a few dots also appeared in wild-type cellsutant belongs to those recycling mutants which did not show
suggesting that some Sec@2vas present in the Golgi as well an increase in Kex2p-dependent cleavage of Seac2R&s
(Fig. 8, left panels). However, the COPI muteses27-land  expected, Sec2@-is predominantly found in the ER efd2
sec21-1as well assec20-landufel-1mutants never showed mutant and isogenic wild-type cells (Fig. 8, fifth row). In
ER-immunofluorescence when stained for Sex2Zastead summary, the results of the immunofluorescence analysis are
only dots were visible indicating that the protein was trappedonsistent with those obtained by Kex2p-dependent cleavage
in the Golgi or an endocytic compartment. In contrast to thef Sec22e produced at a low level (Figs 4, 5). Both approaches
other mutants,fel-1cells had to be incubated at temperatureshow that COPI as well as Sec20p and Ufelp are involved in
above 30°C during the chase to observe exclusively thine recycling of Sec22p from the late Golgi back to the ER.
punctuate staining pattern. The lack of perinuclear staining could be due to dramatic
We also analyzed aard2 mutant strain together with a changes in morphology of the ER in the mutants. Therefore,



1516 W. Ballensiefen, D. Ossipov and H. D. Schmitt

an additional immunofluorescence experiment was performetie wild-type Sec22 protein was visible in cells constitutively
to exclude this possibility. Theec21-landsec27-Icells were  overexpressingEC22a at a very high levelGYC1promoter
analyzed for the distribution of Sec61p, an ER-marker proteiand multi-copy vector; Fig. 9, lanes 1 and 2). A comparison of
(Panzner et al., 1995). Staining with anti-Sec61p antibodiesild-type cells and cells deficient in vacuolar hydrolases
showed a typical perinuclear ER-staining pattern (Fig. 8, sixt(pep4); Klionsky et al., 1990) was used to prove that this
row). It has been shown by electron microscopy that thesgeavage product originates from partial degradation of Sec22-
mutants, as well asc20-landufel-1Imutants, accumulate ER a in the vacuole. As shown in Fig. 9 the fast migrating band
structures instead of being depleted of this compartment whexan be detected with Sec22p-specific antibodies or a polyclonal
incubated at the restrictive temperature (Novick et al., 198@nti-cimyc antibody (A-14; lane 3), but not with the
Duden et al., 1994; Lewis and Pelham, 1996). Therefore, thmonoclonal anti-c-myc antibody (9E10; lane 5) which requires
failure to detect Sec2@-in ER-like structures in these mutants the entire anycepitope for binding (Evan et al., 1985). This
could not due to the absence of typical ER. In summary, thdemonstrates that the short cleavage product seen in the second
absence of ER-fluorescence when stained for Sed22r,ery  lane of Fig. 9 is due to additional cleavage of the luminal
likely to be the result of a recycling defect in the mutants. domain of Sec22. The absence of this band from extracts of

) ] ) ] a pep4 deletion strain indicated that this cleavage indeed
Sec22-a is retained in the Golgi happens in the vacuole. The absence of a Pep4p-dependent
Immunolabeling ofGALIl-dependently produced Sec@i2in cleavage product in Figs 4, 5 and 7 may therefore be due
sec21-1sec27-]1 sec20-1land ufel-1mutants primarily gave retention of Sec22-in the Golgi.
rise to punctuate staining patterns. This suggested that Sec22-The lack of vacuolar cleavage observed at low expression
a is trapped in the Golgi of these mutants. In addition, ndevels is also consistent with the observation that Sec@@es
potential vacuolar cleavage product could be observed in theot localize to ring-like structures in the cytoplasm (Fig. 8). A
immunoblot analysis shown above. This suggested that Sec22ag-like staining pattern within the cytoplasm is usually
o may differ from many other mislocalized transmembranebserved if the labeled protein resides on the vacuolar
proteins of the ER and Golgi. Sec82nay be unusual since membrane (Raymond et al., 1992; Kane et al., 1992; see also
in yeast transport to the vacuole is considered to be the defaldtver part of Fig. 10). Double labeling experiments were
pathway for membrane proteins of the ER and Golgi as soqrerformed to determine the localization of the Sez2a-the
as they fail to be retained correctly (Roberts et al., 199%ec21-landsec27-Imutants in more detail. Cells were labeled
Gaynor et al., 1994; Chapman and Munro, 1994; Letournewrith antibodies specific for Sec22(9E10; Evan et al., 1985),
et al., 1994). Fig. 9 shows that Sea22an, in fact, reach the the Golgi marker Rerlp (Sato et al., 1996; Boehm et al., 1997)
vacuole. A cleavage product of Sea22nigrating just above and the vacuolar marker Ypt7p (Haas et al., 1995). Rerlp was

chosen as a Golgi marker since it is not mislocalized to the
vacuole insec21-landsec27-Imutants (Boehm et al., 1997).

'l:l’ A Cells were treated prior to fixation as described for Fig. 8.
@0 v Consistent with the results presented above, Sec2&s
) localized to perinuclear as well as small punctuate structures
o \16“ in wild-type cells (Fig. 10A, green fluorescence in G). Only
q,Q” q,\ 2 um, CYC1 punctuate staining was seen in mutant cells (Fig. 10C,E,l,

green fluorescence in H). Similarly, anti-Rerlp antibodies

g N »  exclusively gave rise to punctuate staining patterns in wild-type

q\" «tf‘ \3(\ Qth @“ Q@Qh Qﬁ Qth as well as mutant cells (Fig. 10B,D,F). The staining associated
with Rerlp substantially overlaps with the punctuate staining

Sec22-0.—, - B — pattern observed for Sec22-Similar results were obtained
Kex2p-c.p. :’: i Pt with Kex2p as Golgi marker (data not shown).
P9P4P-C-P-/' Double labeling experiments also showed that the staining
Sec22p patterns of Sec2@-and that of the vacuolar marker Ypt7p are
1 2 3 4 5 6 7 8 completely distinct (Fig. 10G-K). This proves that Sec22-
anti-  anti-c-myc anti-c-myc  anti- does not reach the vacuole or is not associated with a vacuole-
Sec2zp  (A-14) (9E10)  a-factor  associated endosomal compartment (Piper et al., 1995; Hicke
Fig. 9.0nly when highly overproduce€Y¥ Clpromoter, &m et al., 1997). It is important to note that the staining pattern of

vector) is Sec22r processed in a Pep4p-dependent manner. Wild- Sec22et as seen in Figs 8 and 10 represents the steady state
type cells (WBY-2) were transformed with either plasmid pWB- distribution of this protein since the synthesis of the hybrid

Ama (lane 1) or pWB-Ama (lane 2-8). Whole cell extracts of ~ protein had been stopped 2 hours prior to the fixation of cells.
transformands were analyzed by immunoblotting using antibodies \/acuolar structures should at least be visibleen27-1since
specific for Sec22p or Secz2-To reveal Sec22-derivatives as the strain used for these labeling experiments lacks vacuolar

well as the Sec22 wild-type protein anti-Sec22 antibodies were use

(lane 1 and 2). Uncleaved Sec@2its Kex2- and Pepa-dependent ‘illydrolases. Moreovegec21-1land wild-type cells were also

-labeled with a monoclonal antibody specific for the 60 kDa
cleavage products (Kex2p-c.p. and Pep4p-c.p.) can be detected wmln .
the polyclonal anti-cnycantibodies (A-14, lane 3 and 4), while subunit of the vacuolar ATPase (Kane et al., 1992) and the

unprocessed Sec22and its Kex2-dependent cleavage product polyclonal anti-c-myc antibody A-14 which is able to detect
(Kex2p-c.p.) were visualized using a monoclonal antiyc the vacuolar cleavage product. The result of this double
antibody (9E10, lane 3 and 4). Amtifactor antibody detects only labeling experiment was identical to that shown in Fig. 10G
the uncleaved Sec22{lane 7 and 8). and H (data not shown). Taken together these results indicate
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Sec22-0/Ypt7p

wT

sec21-1

sec27-1

Sec22-Q Rerip Sec22-0O. Ypt7p

Fig. 10.Immunofluorescence localization of Sea22the Golgi marker Rerlp and the vacuolar marker Ypt7p to reveal possible colocalization
in wild-type, sec2landsec27-Imutant cells. Wild-type (S21PP-1/ec21-1(S21PP-6C) andec27-1pep4\, WBY-10) cells were

transformed with vector pWBALA«. To determine the steady state localization of Sec2amples were taken and fixed two hours after the
transfer to glucose medium to stop further synthesis of Sec€2lls were labeled with antitoycantibody (9E10) in combination with Cy2-
conjugated anti-mouse antibodies (A,C,E,l, green fluorescence in G and H). Polyclonal antibodies together with Cy3-coojugtzed se
antibodies were employed to localize the Golgi marker Rerlp (B,D,F) and the vacuolar marker Ypt7p (K, red fluorescendd)in G and

that Sec22x does not reach the vacuole or a vacuoleKex2p. In these experiments processing by Kex2p had been
associated compartment in COPI-mutants. induced by the strong overexpression of the hybrid gene. This
result confirmed the observation that the distribution of wild-
type Sec22p and Kex2p-cleaved hybrid protein in fractions
DISCUSSION from sucrose gradients was always identical (Fig. 3). Both
proteins were present in fractions containing ER and Golgi
In this work direct evidence is provided for a COPI-dependentnarkers. This distribution resembles that of the C-terminally
recycling of av-SNARE involved in ER-to-Golgi transport. tagged ERS-24 protein, a Sec22p homolog from hamster (Paek
Two assays were performed to examine the targeting of Sec22pal., 1997). According to Hay et al. (1997), however, an N-
in wild-type and mutant cells. First, cleavage of Sea2?y  terminally tagged Sec22p homolog from mouse localizes to the
the late Golgi protease Kex2p was used to indicate transport BR.
the tagged protein to this compartment. This assay was The immunofluorescence experiments showed that the same
performed at expression levels comparable to that @H@&22 set of mutants which displayed an enhanced processing of
wild-type gene. Under these conditions Sea2did not reach  Sec22a by Kex2p failed to exhibit ER-immunofluorescence
the late Golgi in wild-type cells as indicated by the failure towhen stained for Sec2?- These mutants were the COPI
detect cleavage products of Kex2p from the hybrid proteinmutantssec21-1(y-COP) andsec27-1(3'-COP) as well as
Kex2p-dependent cleavage of Seck2@as observed isec2Q)  mutants encoding defective Sec20 and Ufel proteins.
sec21, sec2andufel-1mutant cells. Therefore, it can be concluded that Sec22p follows the same
Immunofluorescence analysis demonstrated that a largeute for recycling to the ER as, for instance, the di-lysine-
proportion of the Sec2@-protein was located in the ER even tagged transmembrane proteins (Letourneur et al., 1994),
though most of it had been processed by the late Golgi proteaseiltiple membrane spanning proteins like Erd2p and Rerlp,
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as well as proteins whose retrieval requires the latter tweec27-1mutants expressing functionally impaired coatomer
proteins as auxiliary factors (Lewis and Pelham, 1996; Boehmxhibit enhanced cleavage of Sea22dy the late Golgi
et al., 1997; Sato et al., 1997). protease Kex2p as well as a lack of ER-fluorescence when
Remarkably, the mutants which did not show an effect ostained for Sec28- Sec22a can even reach the vacuole. But
the targeting of Sec2@- (rerl, retl and erd2) have been this seems to be an artifact of an extremely high expression
selected as mutants affected in the ER retention of Secl2@te. We never observed vacuolar cleavage when See2#
KKXX-tagged or HDEL-tagged proteins, respectively. Thussynthesized transiently in mutants or wild-type cells. Proof for
they express alleles which very specifically affect the retentioan efficient Golgi retention of Sec22in mutant cells came
of particular proteins. However, most of the mutants whicHrom double immunofluorescence experiments. The Golgi
showed an effect in our assays were isolated as secretiogtention of Sec22 may be due to slow packaging of Sec22p
mutants blocked in ER-to-Golgi transport at the restrictivanto vesicles destined to the vacuole or the plasma-membrane.
temperature gec20-1 sec21-1land sec27-1 Novick et al., This Golgi retention is not simply the result of a block in
1980; Duden et al., 1994). They exhibit the recycling defect atacuolar transport of Sec22since protease-deficies¢c21-1
the permissive temperature. This argues in favor of thandsec27-1cells show perfect colocalization of Sea22nd
recycling defect being the primary defect in these mutantthe vacuolar marker Ypt7p when Sea22s overproduced at
(Gaynor and Emr, 1997). As supposed by Pelham (1994), thwery high levels (data not shown).
failure to recyclev-SNAREs like Sec22p may reduce the Sec22e processing in the late Golgi was also enhanced in
supply of these membrane proteins for further rounds of vesickec20-1and ufel-1 mutants. While the COPI complex is
fusion with the Golgi membrane and this lackveBNAREs implicated in many different kinds of vesicular transport
may block secretion. Unfortunately, we were not able to sele¢Schekman and Orci, 1996; Orci et al., 1997), Sec20p and
specific mutants using a halo-assay which detects Kex2pjfelp are ER-resident proteins (Sweet and Pelham, 1992;
dependenta-factor secretion. This assay was not sensitivdewis and Pelham, 1996). Therefore, it is likely thatsbe?0-
enough to reveal differences between mutants and wild-typeandufel-1mutations affect only the transport back from the
when Sec22x was expressed constitutively. earliest Golgi compartment to the ER and not a putative
Recycling of ER- or Golgi-resident proteins can be initiatedecycling within consecutive Golgi compartments. It remains
from several compartments. This has been shown for sevetal be determined whether the increased processing of $ec22-
mammalian as well as yeast proteins. Jackson et al. (1998y Kex2p observed isec20-land ufel-1mutants is simply
demonstrated that ER proteins in mammalian cells can bbe result of an impaired early Golgi-to-ER recycling
retrieved from thecis- and medial- Golgi compartments. mechanism or whether these mutants carry defects in intra-
KDEL-tagged bacterial exotoxins as well as KDEL-taggedGolgi recycling as well.
peptides are transported from ttnans-Golgi network to the Our results are consistent with the observation that Sec22p
ER (Seetharam et al., 1991; Miesenbdck and Rothman, 199%)ong with othenv-SNARE proteins is a constituent of both
In yeast, growth conditions and media have a strong influend@OPI and COPII vesicles derived from ER in vitro (Barlowe
on how far HDEL-tagged proteins can reach within the Golget al., 1994; Bednarek et al., 1995; Campbell and Schekman,
before they are retrieved (Hardwick et al., 1990). Also, veryi997). Retrograde transport of Sec22p from Golgi to ER is also
efficient retrieval of a yeast membrane protein from late Golgobligatory for the recently established function of Sec22p as a
to early Golgi was demonstrated by Harris and Waters (1996)-SNARE during the fusion of vesicles with the ER membrane
These authors showed that chimeras derived from the earfewis et al., 1997). Thus, Sec22p may be important for
Golgi-mannosyltransferase Ochlp, are cleaved by Kex2p withnterograde as well as retrograde transport. Two observations
a half time of about 5 minutes while the steady-stat@re consistent with this dual function: @EC22is a multi-
localization of Ochlp and its tagged derivatives is in the earlgopy suppressor of vesicle-targeting as well as recycling
Golgi. To keep the gradient of Ochlp across the Golgi, thdefects (Newman et al., 1990; Ossig et al., 1991; Duden et al.,
apparently fast forward transport must be counteracted by evd8994; Sapperstein et al., 1996; Lewis and Pelham, 1996);
more rapid recycling. For the SNARE Sec22p our results (b) like other mutants involved in anterograde and retrograde
indicate that a concentration gradient from ER to late Golgi isransport, thesec22-3mutant is defective in the retention of
maintained which is steep enough to prevent processing by tHDEL-tagged proteins (Semenza et al., 1990). There are at
late Golgi protease. Gradients like this may be maintained hgast two other SNARE proteins which may be required for
a kind of distillation mechanism consisting of severaldifferent steps in vesicular transport. Sed5p may represent a
consecutive recycling steps (Rothman and Wieland, 1996yeastt-SNARE which functions in anterograde transport from
Two findings presented here are consistent with thishe ER to the Golgi and in the retrograde transport from later
hypothesis: First, overproduction induces more rapid transpo@olgi (Banfield et al., 1995). In mammalian cells
of Sec22a to the late Golgi, while overproduction using a GOS28/GS28 may function as \aSNARE in intra-Golgi
strong promoter in combination with multi-copy vectors(Nagahama et al., 1996) and in ER-to-Golgi transport
additionally resulted in transport to the vacuole suggesting thgBubramaniam et al., 1996).
the putative distillation mechanism can be saturated. Second,The approaches described here will also be applied to other
in wild-type cells overproducing Sec22ER-localized Sec22- SNARE proteins. If Sec22p functions in retrograde transport
a is cleaved by a late-Golgi protease. Therefore, retrieval cds well, it may combine with another seveBNARE proteins
Sec22p may be initiated in different Golgi compartments. to form a complex functionally different from one active in
A second possibility for the shift in the concentrationanterograde transport. To achieve this functional specificity
gradient of Sec22 from ER to Golgi is mutation in genes otherv-SNAREs like Boslp and Betlp might combine with
encoding COPI components. Accordinglgec21-1 and another subcomplex of the COPI and therefore undergo
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retrieval differently from Sec22p. Our results do not prove that and structure of four yeast genes (SLY) that are able to suppress the
the Sec22p directly interacts with COPI components. As with functional loss offPT1 a member of the ras-superfamiijol. Cell. Biol.
other proteins recycling to the ER a receptor or adapter may.™ 87285

. . . Enfert, C., Barlowe, C., Nishikawa, S., Nakano, A. and Schekman, R.
be reQu”ed to sort or package thisSNARE into COPI (1991). Structural and functional dissection of a membrane glycoprotein

vesicles (Semenza et al., 1992; Boehm et al., 1997). Furthefequired for vesicle budding from the endoplasmic reticulltol. Cell.
experiments are required to either identify this adaptor or to Biol. 11, 5727-5734.

roof that COPI and Sec22p interact directly. Duden, R., Hosobuchi, M., Hamamoto, S., Winey, M., Byers, B. and
P P y Schekman, R.(1994). Yeasf- andf'-coat proteins (COP). Two coatomer

. . . subunits essential for endoplasmic reticulum-to-Golgi protein traffi8iol.
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