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SUMMARY

The duplicated genesSSO1 and SSO2 encode yeast copy number suppressors 0§so2-lyielded three genes that
homologues of syntaxin 1 and perform an essential function are involved in the terminal step of secretionSNC1 SNC2
during fusion of secretory vesicles at the plasma and SECQ Thessol-Imutation interacts synthetically with
membrane. We have used in vitro mutagenesis to obtain a a disruption of the MSO1 gene, which encodes a Seclp
temperature-sensitive SSO2 allele, sso2-1 in which a interacting protein. Interestingly, we further found that
conserved arginine has been changed to a lysine. A yeastboth MSO1 and SSO1 but not SSO2,are required for
strain that lacks SSOl1and carries thesso2-lallele ceases sporulation. This difference is not due to differential
growth and accumulates secretory vesicles at the restrictive expression, since&sSO2expressed from theSSOlpromoter
temperature. Interestingly, the strain also has a failed to restore sporulation. We conclude that a functional
pronounced phenotype at the permissive temperature, difference exists between the Ssol and Sso2 proteins, with
causing a defect in bud neck closure that prevents the former being specifically required during sporulation.
separation of mother and daughter cells. The same

mutation was introduced into SSO1 producing the ssol-1

allele, which also has a temperature-sensitive phenotype, Key words: Vesicular transpoi¥)SO1 SSO1SSO2 Secretion,
although less pronounced tharsso2-1 A screen for high ~ SNARE, Sporulation, Syntaxin

INTRODUCTION Snc2p are 77% identical and 84% similar, whereas Ssolp and

In eukaryotic cells, intracellular membrane transport involve$$so2p are 74% identical and 86% similar. All four genes
vesicle formation, transport and finally fusion with the targere expressed during vegetative growth, and genetic,
membrane. The docking and fusion of transport vesicles is forphological and biochemical data has so far suggested that
complicated process that is mediated by a large number gfich pair of proteins is functionally redundant (Gerst et al.,
components. Key players are the v- and t-SNAREs (solubl&992; Protopopov et al., 1993; Aalto et al., 1993). This raises
NSF attachment protein receptors), which are thought to forithe question why would the yeast cell express two highly
a core complex during the fusion event (Rothman, 1994; JaHromologous proteins with identical functions. It should be
and Sidhof, 1999). The v-SNAREs, which reside on thé&oted that all the other essential genes that are involved in the
transport vesicle interact with t-SNAREs on the targesame vesicle docking event (e9EC] SEC2 SEC4 SECH
membrane. In the case of synaptic vesicle fusion, the v-SNARBEC6 SEC8 SEC10Q SEC15, EXO7@ndEXO89 are unique.
synaptobrevin (VAMP) and the t-SNAREs syntaxin andlt is therefore conceivable that the duplication of $#8Oand
SNAP-25 form a ternary complex that may bring the two lipidSNC genes could reflect different functions for Ssolp and
bilayers sufficiently close for the membrane fusion to proceedsso2p (and perhaps also for Snclp and Snc2p) in a processes
In the yeastSaccharomyces cerevisidfie synaptobrevin where membrane fusion is required. Interestingly, one example
homologues Snclp and Snc2p, the syntaxin 1 homologue$ such a functional differentiation was recently found in
Ssolp and Sso2p, and the SNAP-25 homologue Sec9p form gporulation. Thus, the essentBEC9gene, which encodes a
analogous complex that mediates secretory vesicle fusion wittomologue of the mammalin SNAP-25 protein, is not required
the plasma membrane. The structures of the yeast affiok prospore formation (Neiman, 1998). This function is
mammalian ternary complexes have been resolved (Fiebig igistead provided by thBPO20gene, which encodes another
al., 1999; Sutton et al., 1998). SNAP-25 homologue that is specifically expressed during
Both the SNC and SSO genes are duplicated, and the meiosis and sporulation (Neiman, 1998; Chu et al., 1998).
encoded proteins are highly homologous. Thus, Snclp andWe have now isolated a temperature-sensitive allele of
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SS02ss02-1 and made asSOlallele, ssol-1 carrying the  for integration at th&6SO2ocus by cutting at the uniqugsiw| site
same mutation. Cells that have eitbeol-1lor sso2-1as their  within thesso2-linsert. After a popin strain had been obtained, popout
only expressed8SOgene are temperature sensitive for bothevents were selected by plating the cells on 5-fluoro-orotic acid (B_o_eke
growth and secretion. In additiosso2-1cells (but nosso1-1 €t al., 1984). The popouts were screened for temperature sensitivity.
coll) have a_pronounced phenotype at the permissyilE 502 10enobe of ne temperare sensive s, H002 s
temp‘?ra“.”e' with a partial defect in bud neck closure an}#?\e W303 congenicsol-1 ssaZ strains H1241 and H1239 were
cytokinesis. We further' show that tM‘-SQland SSOlgenes, made in a similar way starting with strains H835 and H836 (Table 1)
but notSSO2 are required for sporulation. We conclude thatyhich were transformed with pissol-1 cut at the uniddé site

the cellular functions of Ssolp and Sso2p are not fullyyithin the SSO1gene. The resulting popin strains were plated on 5-
redundant, with Ssolp (but not Sso2p) being essential fdlioro-orotic acid to select the respective popout strains.
sporulation.

) Plasmids
Materials and Methods Plasmid YEpSSO?2 is the origin@SO2plasmid that was isolated
Yeast strains from a yeast cDNA library as a suppressorsetl-1(Aalto et al.,

The yeast strains used are listed in Table 1. To construsistia 1993). It is aTRP12u plasmid that expresses tB&O2cDNA from
sso2-lyeast strain H603, we started with H440, a W303 congenithe ADH1 promoter. Plasmid YCpSSO1U has 8801gene, isolated
strain that carries assolAl::URA3 disruption and has &AL1- by PCR from NY179 genomic DNA with oligos 4488 and 4490 (Table
SSO1,HISXassette inserted into tH&SO2gene. This strain was 2) cloned as 8anHI/EcaRI fragment into the centromeric vector
transformed with a lineaéBpH-Hindlll fragment containing theso2-  pRS416. YEpSSO1U has th&anHI/EcoRl fragment from
1 allele together with a replicatingRP1plasmid, selecting for the YCpSSO1U cloned into pRS426. YEpSSO2U has $8©2gene,
latter. Transformants were screened for temperature sensitivity amsblated by PCR from NY179 genomic DNA with oligos 4625 and
loss of theHIS3 marker, indicating that theso2-1fragment had 4626, cloned asBanHI/EcoR| fragment into pRS426. YCpMSO1U,
replaced theGAL1-SSO1,HISZassette at the&sSO2locus. The finally, carriesMSO1with addedXhd andSpé sites, isolated by PCR
genotype of one such transformant was verified in Southern blotf,om NY179 genomic DNA using oligos 5470 and 5471, cloned into
after which theTRP1 plasmid was eliminated by plating the cells pRS416. All PCR products were sequenced prior to use. YCpssol-1T
without selection. The resulting strain was transformed witssatt- and plssol-1 have thesol-1allele cloned as &anHI/EcoRl
A1::HIS3 fragment and plated in the absence of histidine, to obtain Fagment into pRS414 and YIp5, respectively. Plasmids pSSO2,
strain in which thesso1A1::URA3 disruption has been replaced by pSNC1, pSNC2 and pSEC9 were recovered in a library screen for
ss01AL::HIS3. A strain of mating type, H603, was finally obtained high copy number suppressors ss02-1(see below) and carry the
by crossing this strain to W303-1A and picking a spore with theespective genes as part@aBA inserts into theBanHl site of
desired genotype. pHR81 (Nehlin et al., 1989). Plasmid YEpsso2-1 is YEpSSO2

In order to facilitate comparisons with existisgcmutations, we  carrying thesso2-1mutation, which was recovered in our screen for
also made an NY179 congenic strain in whggo2-1is the only  temperature-sensitiv8SOZ2alleles. Plasmid pMO5 is YEpsso2-1 in
expressed syntaxin. The strain was made using popin-popouthich theHindlll fragment carrying the 2DNA has been replaced
replacement. We started with strain H900 (Table 1) which hasadn by the URA3 Hirdlll fragment. YEpSEC1aU has been characterised
A1::LEU2 disruption. It was transformed with pMOb5, an integrating previously (Aalto et al., 1993). YEpSEC4 has a genomic fragment
URA3plasmid containing theso2-1allele. The plasmid was targeted containingSEC4cloned into YEp24, and was obtained from Peter
Novick (Yale University, New Haven, CT).

Plasmid pMO11 contains tf&0lgene, amplified from W303-1A

Table 1. Yeast strains genomic DNA using primers 4490 and 4488 (Table 2), cloned

Name Relevant genotype* between th&armH| andEcaR| sites of pUC119. Plasmids pMO9 and
H403 assolAl:URA3 pMO14 contain thesSO2gene, amplified from W303-1A genomic
H404 o ss02A1:LEU2 DNA using the primers SSO2F+BamHI and SSO2R+EcoRl, cloned
H440 o ss0l1Al::URA3 ss0241::leu2::(GAL1-SSO1, HIS3) between theBanmH| and EcdRl sites of pFL38 and pUC119,
HB603  assolAl:HIS3 sso2-1 respectively. AnNdd site that overlaps with the start codon was
H609  amsolAl:LEU2 introduced intoSSO1using two rounds of PCR with either primers
H833  assolAl:URAS 4490 and Nde! SSO1R or Ndel SSO1F and 4488 in the first round

H835 asso02Al:LEU2 : .
HB36 o SS02A1-LEU2 and 4490 and 4488 in a second round with the PCR product from the

H900 assolAl:-LEU2 first round as template. BstLl1071Aflll fragment from the PCR

H902 assolAl::LEU2 sso2-1
H1239 o ssol-1 sso2il::LEU2

H1241 assol-1 sso2l:LEU2 Table 2. Oligonucleotides

H1247 asso02Al:LEU2 msolAl::HIS3 Ndel-SSO1F  AAATCATATGAGTTATAATAATCCGTACCAGT
H1251 assol-1 sso2tl::LEU2 msolAl::HIS3 Ndel-SSO1R  CTCATATGATTTGTTTCTATTTTTAATTGCCT
H1267 assolAl::HIS3 msolAl::LEU2 Ndel-SSO2F TTGCACATATGAGCAACGCTAATCC
H1269 assol-1ss02-1 Ndel-SSO2R  CTCATATGTGCAATATTTGTGCGTG
H1271 assolAl::HIS3 ss02-1 msoAl::LEU2 4488 GCATTGAATTCGATGGTATTTCAATTGGTGTTG
D67 a/a MET13/MET13 trpl-1/trpl-1 4490 GCATTGGATCCGAATAAATAACATATAAGAC
D272  ala ssolAl::LEU2/ssol1Al::LEU2 MET13/met13Al trpl-1/TRP1 4528 CAATAACTCTTGGTGCTTTGCCTGGACTTCCGC
D273  ala ssolAl:LEU2/ssolAl::URA3 MET13/MET13 trpl-1/trpl-1 4529 GCGGAAGTCCAGGCAAAGCACCAAGAGTTATTG
D286 a/a msolAl:LEU2/msolAl::LEU2 4625 GCATTGAATTCGGATCGCATATAAACAAAACTCG
4626 GCATTGGATCCAGCTTCTAGACAATTCTGAAAAC
*All strains except H900, H902 and D286 are W303 congenic (Thomas 5470 GCATTCTCGAGAATAAGAAGAAATGTATCAAAAGG
and Rothstein, 1989) and therefore carryatie2-1 can1-100 his3-11,15 5471 GCATTACTAGTAACCAAGACCTATGCATGATC
leu2-3,112 trp1-1 ura3-inarkers. H900, H902 and D286 are congenic to SSO2FBanHlI  TAGGATCCCGTACGTAATAGTATGTGCG

NY179 (Aalto et al., 1997) and carry tle2-3,112andura3-52markers. SSO2REcaRI ATGAATTCGACTAATATTAAGGGCGACA
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product containing thé&ldd site was then cloned between the samecongenic wild-type W303-1A were grown at 24°C teod\0.3-0.5.
two sites in pMO11, yielding pMO30. ANdd site was introduced Cells were collected and the cultures were divided and resuspended
in the same position iBSO2using primers SSO2F+BamHI and at the same cell density in YPD medium prewarmed either to 24°C or
Ndel- SSO2R or Ndel SSO2F and SSO2R+EcoRl in the first round 38°C. Samples were removed 0, 15, 30, 60, 120 and 240 minutes after
of PCR, and SSO2F+BamHI and SSO2R+EcoRlI in the second rounthhe temperature shift. NaNwas immediately added to a final
In this case, aikag-EcdRV fragment was cloned between the sameconcentration of 10 mM and the samples were cooled on ice. Cells
two sites in pMO14, yielding pMO17. The promoters of pMO30 andwere pelleted at 4°C and the supernatant was transferred to a new tube.
pMO17 were then releasedBanHI-Ndd fragments and cloned into A 10 pl aliquot of each sample was separated on an 8% SDS-
the same sites in the other plasmid, producing in pMCB30OQ  polyacrylamide gel and analysed by western blot with anti-Hsp150p
promoter from pMO17 fused to th®SOlopen reading frame in antibodies.
pMO30) and pMO32%SOIpromoter from pMO30 fused to tIES 02
open reading frame in pMO17). FinallBanmHI-EcoRl fragments
containing the different genes were cloned into the centromeric vectdeast cell lysates
pFL38 resulting in pMO333SO1with Ndd site), pMO35 Psso2 Cell lysates for the determination of the specificity of the Ssolp and
SSO1fusion), pMO24 $SO2with Ndd site) and pMO37 Rssot Sso2p antisera were prepared from overnight cultures of H403, H404
SSOZusion). and the congenic wild-type strain W303-1A. Cells were broken by
vortexing in the presence of 0.45m glass beads in 2% SDS

) ] supplemented with a protease inhibitor coctail (Complete, Roche).
Hydroxylamine mutagenesis and mutant screen Samples were centrifuged for 10 minutes at 20,g0@nd the
Plasmid YEpSSO2 was subjected to hydroxylamine mutagenes@ipernatants were then heated for 5 minutes at 95°C. The protein
(Sikorski and Boeke, 1991). Five tubes, each containing?@f concentration was determined by the method of Lowry. To study the
plasmid DNA in 1 ml of hydroxylamine solution, were incubated atstability of the mutant Ssol-1 and Sso2-1 proteins, cells were grown
75°C for 0, 30, 60, 90 and 120 minutes. The reactions were stoppétentically to the Hsp150 secretion experiment (see above). At 0, 15,
by placing the tubes on ice and the hydroxylamine was removed usi3®, 60 and 120 minutes after the temperature shift, 20 ml samples of
NAP-25 columns (Pharmacia Biotech AB, Uppsala, Sweden)the cultures were removed. These were supplemented with tidaN
Aliquots of the mutagenized DNA were then transformed Entoolj, final concentration of 10 mM, cooled on ice and centrifuged. Cells
and the number of colonies obtained for each time point were countedere then lysed and protein concentrations determined as described
to obtain an estimate of the mutagenic efficiency. Based on thesdove. Equal amounts of protein from each sample were separated on
results, transformants from the 60 and 90 minute tubes were collectel,12% SDS-polyacrylamide gel and analysed by western blotting
pooled, and then used to inoculate a large scale plasmid preparatiaising anti-Ssolp and anti-Sso2p antisera.
The resulting library of mutant plasmids was transformed into yeast
strain H440 (Table 1) which lacl&SO2and hasSSOlexpressed from )
the GAL1 promoter. Transformants were selected on tryptophan-lesdntisera and western blots
synthetic galactose plates incubated at 30°C. After colonies hdeolyclonal anti-Ssolp and anti-Sso2p peptide antisera were generated
formed, the galactose plates were replicated to tryptophan-ledsy immunising rabbits with peptides coupled to Keyhole Limpet
synthetic glucose plates and incubated for 3 days at 24°C. Since themocyanin (Sigma-Aldrich, Finland) using glutaraldehyde. The
plasmid library was heavily mutagenized, only about 50% of theeptides (Sigma Genosys Ltd, UK) used correspond to amino acids
colonies expressed a functional Sso2p protein as shown by thél¥22 in both proteins, plus an additional C-terminal lysine (Ssolp:
ability to grow on glucose. These colonies were replicated to two ne®@LETPFEESYELDEGK; Sso2p: ENNNPYAENYEMQEDK). The
tryptophan-less synthetic glucose plates, which were incubated Atterminus of the peptides was acetylated and the C-terminus
24°C and 37°C, respectively. Plasmids were rescued from coloniesnidated. The efficiency of coupling was monitored by reverse phase
that failed to grow at 37°C and tested by re-transformation into H44BIPLC. The antibodies against Hsp150p (Russo et al., 1992) was a
to verify that the temperature-sensitive phenotype was linked to thend gift from Marja Makarow (Institute of Biotechnology, University
plasmid DNA. Three temperature-sensitive plasmids were found, atif Helsinki). In the Western blot experiments, proteins were separated
of which contained the same R200K mutation, subsequently referrezh SDS-polyacrylamide gels, blotted electrophoretically onto
to assso2-1 Finally, a corresponding mutation (R196K) was made innitrocellulose filters, and detected by incubation with specific antisera
the SSO1gene using the QuickChange system (Stratagene) and tfiellowed by enhanced chemiluminescence (Amersham). Quantitation
primers 4528 and 4529. The resultsgpl-lallele was sequenced to of Hsp150p from Western blots was done after ECL by densitometry

ensure that no other mutations had occurred. using a GS-170 densitometer and Qantity One software (Bio-Rad).
High copy number suppressor screen and suppression Other methods
analysis All recombinant DNA work was done according to published

For the high copy number suppressor screen, we used the temperatymmcedures (Sambrook et al.,, 1989). Synthetic yeast media were
sensitive strain H603 (Table 1) and the pHR81 library (Nehlin et alprepared as described (Sherman et al., 1986), but with twice the
1989). Transformants were plated at 20°C and then screened fazcommended amount of leucine. YPD media is 1% yeast extract, 2%
suppression of the temperature-sensitive phenotype at 32°C Ipeptone and 2% glucose. Diploid cells were sporulated in spor 5+
replica-plating. Suppression with specific plasmids was tested in bothedium, which is 1% KAc, 0.1% yeast extract and 0.05% glucose.
H603 (W303 background) and H902 (NY179 background). FouiThe medium was supplemented with adenine, histidine, leucine,
transformants with each plasmid were grown on a selective plate aiyptophan and uracil at standard concentrations (Sherman et al.,
22°C, and then replicated to both selective plates and YPD platd®986). The diploids were sporulated for 5 days at room temperature.
which were incubated at 22°C, 30°C, 32°C, 34°C and 36°C. Th&porulation frequencies were determined by counting the cells under
growth of the replicas were monitored for three days. a microscope using a Birker chamber. At least 1000 cells were
counted for each data point. Electron microscopy on yeast cells was
) performed as previously described (Aalto et al., 1997). Determination
Hsp150p secretion of the secreted-amylase activity in the growth medium was done as
Yeast strains H123%$01-1 ssa2), H603 €solA sso02-) and the  described by Ruohonen et al. (Ruohonen et al., 1997).
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Results 24°C 28°C 30°C

Generation of temperature-
sensitive SSO1 and SSO2 alleles

Three temperature-sensitive SSO:
mutants were obtained ss02-1
hydroxylamine mutagenesis

described in Materials and Methods.  wT

of them contained the same G ta
transition that changes the arginine
position 200 to a lysine. Since 1
plasmid library was amplified iE. coli
prior to the screen in yeast, it is like
that the three clones represent the <
original mutation. We will subsequen
refer to the temperature-sensitigeoz WT
R200K mutation asso2-1.Since the

Ssol and Sso2 proteins are hic
homologous, we wanted to examint 35°C 36°C 37°C
the same mutation would have

sso1-1

sso1-1

sso2-1

) - Fig. 1. Temperature sensitivity &s01-1 ssa2 (H1239) ancsso! sso2-1(H603) and
temp?ratu(;etsertﬁ‘ltlvg p?enotyt/p_e w congenic wild-type (W303-1A) strains. Aliquots corresponding=<b0é cells and three

ransierred 10 th€ >sol protein. tenfold dilutions of each strain were spotted onto YPD plates which were incubated for 2 days
corresponding arginine 10 lysi 5 the indicated temperatures.

mutation (R196K) was therefore me

in SSO1(see Materials and Methoc |

resulting in thessol-lallele. o 30
To further investigate the effect of the temperature-sensitiv o & & &
mutations in vivo, we made stable integrants in which eithe w & owm ¥ ow ¢ owm P

the SSO1gene has been deleted and the wild-{$8&®2gene -k
has been replaced by thso2-lallele or theSSO2gene has §
been deleted an8SOlgene replaced by tresol-lallele. We
found that such strains are viable at 24°C. This shows th: 38°C  37°C 38°C 37°C
expression of either mutant protein from its own promoter i

sufficient for growth at the permissive temperature. Howevel & 120
the ssolA sso2-1strain is clearly more temperature sensitive. 0\'\ ofv\ 60\’\ Ofv\
It shows a slightly decreased growth already at 24°C, and fai wt @ owt @ owt @ owt P
to grow above 30°C (Fig. 1). By contrast, $en1-1 sso2 h H. .“
strain grows just as well as the wild-type up to 36°C (Fig. 1) —
We further noted that both tlsso01-1 ssaZ andssoW sso2-1 '
strains are less temperature sensitive by 1-2°C when grown 3gC  37°C  38°C  37°C
synthetic media than when grown on YPD (data not shown).
240 240

Impaired secretion in ssol1-1 sso2A and ssolA sso2-1 A oq;\ 0\'\ g

w Ewm Fowt £ P

strains at restrictive temperatures

To confirm that thesso1-1 sso2 andsso!A sso2-1cells have -

a conditional secretion defect we assayed secretion of the he “‘

shock protein Hsp150p (Fig. 2). Low levels of Hsp150p are ;

expressed constitutively, but the expression is highly induce 38°C  379C 249C

at elevated temperatures (Russo et al., 1992). Therefore, t

cells were grown at 24°C until aredyof 0.3 and then shifted Fig. 2. Secretion of Hsp150 protein in wild-type (W303-1A) and

to either 37°C €s02-) or 38°C 6so01-). At indicated time congenicssol-1 ssa2 (H1239) andssol sso2-1(H603) cells.

points, the culture medium was collected and the amount (ZglellSSt\/\;:eer”est\fl‘lveer:esg{f(t)gv(jntit ezi?ho eCr gzt"?)t;‘?r’ g%%‘éhesdaﬁ@‘fe g-v3v-e Iehe
ﬁfi?][letteesd :ﬁsgrl?r? ep \éﬁ?t,d?gim;mggr:? mezfgpe?éztsﬁégfsagg ‘collected after 15, 30, 60, 120 and 240 minutes. Cellg were removed

clearly reduced ssoi sso2-Icells compared willssol-1 5, cenugaton and the amountof 1sp150p i adiotof
sso\ or wild-type cells (Fig. 2), whereas at 24°C both mutant
strains secreted Hsp150p with the same efficiency as the wild-

type strain (data not shown). After 4 hours at the restrictiveonclude that secretion of Hsp150p is strongly impaired in the
temperature, there is a clear effect in both mutant strains. ThussolA sso2-1strain and significantly but less impaired in the
the amount of secreted Hspl50p is reduced by 80-90% BB01-1 ssaZstrain. This is consistent with our finding that the

ssoW sso2-1cells, and by 30-40% iesol-1 ssaZ cells. We  growth defect is more pronounced in the former strain (Fig. 1).
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For thessol sso2-1strain, the secretion defect was verified The sso2-1 mutation causes a neck closure defect at the
using another reporter proteiBacillus a amylase. This permissive temperature
heterologous protein is efficiently secreted when expressed Interestingly, we found that thesso2-1 mutation has a
yeast and has previously been used as a marker proteinpronounced effect at the permissive temperature. Thus,
secretion studies (Ruohonen et al., 1997). In agreement witlithoughssolA sso2-Icells are able to grow at 24°C, they have
the Hspl150p results, we found that secretion-aimylase is a highly abnormal morphology that affects cytokinesis and
strongly reduced in theso]A sso2-1strain within 2 hours after closure of the bud neck. Initially, the cells form buds with much
a shift to the restrictive temperature (data not shown). Thigider necks than normal (Fig. 5b) and cytokinesis is not
coincides with a cessation of growth, as determined by theompleted in a normal way. In many cases, a septum is formed
absorbance at 600 nm. Finally, secretion of invertase ithat separates the two cells, but closure of the neck does not
inhibited in the ssolA sso02-1 strain at the restrictive occur, and as a consequence the two cells remain attached to
temperature, thus providing further independent support for theach other (Fig. 5a). Septum formation is frequently
secretion defect (Ossig et al., 2000). incomplete (Fig. 5d,e). As a consequence of these cytokinetic

Accumulation of secretory vesicles in sso1-1
ss02A and sso1A sso2-1 cells at restrictive
temperatures

To study the terminal phenotypes of the tempera
sensitive mutants, we used electron microscof
examine bothssol-1 ssaZ and ssol sso2-1cells
after a shift to their restrictive temperatures. As st
in Fig. 3a,ss01-1 ssaZcells that have been incuba
for 3 hours at 38°C accumulate vesicles. Many
also show incomplete septum formation. In Fig. <
closeup is shown of vesicles that have accumula
a partially formed septum. By contras§ol-1 ssoZ
cells incubated at 24°C accumulate no vesicles
occasional cells with unusually wide bud necks
seen (Fig. 3c). In thessold sso02-1 strain, thes
phenotypes are more pronounced and are se
lower temperatures. Thus, thesolA sso2-1 cells
accumulate vesicles in the bud already at 24°C
below). At 37°C, there are numerous vesi
throughout the cells, with cell wall deposits freque
being formed in the bud neck region (Fig. 4a). /
control, we also examined congenic wild-type ¢
that had been incubated at either 24°C or 37°C
shown in Fig. 4b,c, they do not accumulate ves
or show any problems with cytokinesis at ei
temperature. We conclude that the ve:
accumulation phenotype is seen when the

expressedSSOgene is eithessol-1or sso2-1 anc
that it is more pronounced fosso2-1 This is
consistent with the more severe growth and sect
phenotypes 0§s02-1 compared withssol-1

Fig. 3. Electron micrographs of theso1-1 sso2 strain

H1239 at permissive and restrictive temperatures. The cells
were grown in YPD at 24°C to arséyof 0.3. The cell

culture was then split into subcultures grown either at 24°C
or 38°C. The cells were fixed after 3 hours of growth and
samples were processed for electron microscopy. (a) The
sso0l-1 ssa2 cells accumulate transport vesicles at 38°C.
(b) They also have problems with completing cytokinesis
and frequently accumulate vesicles at the septum. (c) Cells
grown at 24°C do not accumulate vesicles or display
incomplete septum formation, but occasionally have wider
bud necks than wild-type cells. Bars, 500 nm (a); 200 nm

(b); 1pm (c). (S8
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defects, thesso}d sso02-1 mutant strain forms elongai
branched chains of interconnected cells at the perm
temperature. This branched chain phenotype is partic
pronounced in the W303 background, where it is visible i
light microscope (data not shown). It should further be 1
that thessolA sso2-1cells grow more slowly than the wi
type and accumulate secretory vesicles already at
However, unlike the situation at the restrictive tempere
these vesicles are seen mostly in the bud region (Fig. 5
near the incomplete septum (Fig. 5c).

To test if the neck closure defect is a dominant neg
effect of thesso2-1mutation we also examinexsolA sso2-:
cells transformed with centromeric plasmids carrying386©:.
and SSO2 wild-type genes. These cells have a no
morphology, which shows that the mere presence of the
1 mutant protein is not sufficient to produce the neck cl
defect. We conclude that the neck closure defect is s
Sso02-1p is the only expressed Sso protein in the cell. A
explanation for this finding is that the mutant protei
partially inactive already at the permissive tempere
therefore providing a reduced function. Accordingly, the
closure defect would be the consequence of a pa
impaired terminal step in secretion.

The Sso1-1 and Sso2-1 proteins are both stably
expressed at the restrictive temperature

A temperature-sensitive phenotype does not necessarily
a temperature-sensitive function of the mutant protein. It i
possible that the mutation affects expression of the proteil
by making it more prone to proteolytic degradation). To t
this was the case, we carried out a western blot analysis
anti-peptide antisera that are specific for either Ssolp or ¢
As shown in Fig. 6A, these antisera specifically recos
either Ssolp or Sso2p in cell lysates and detect both pi
with similar efficiency. Using purified recombinant Sso1-(
and Sso02-GST fusion proteins as standards, we estime
Ssolp and Sso2p comprise approximately 0.05-0.1%
total cellular protein in haploid cells grown on YPD (date
shown). To examine whether the Ssol-1 and Sso2-1 r
proteins are poorly expressed or prematurely degrade
levels of Ssol-1p and Sso02-1p were monitored in a tempe
shift experiment wheresol-1 sso2, ssoW sso2-1and wild-
type strains were grown at 24°C and then shifted to either
or 38°C (for details see Materials and Methods). Cell ly
were collected during a 2 hour period after the shift
analysed in western blots with Ssolp and Sso2p-sj
antisera. As seen in Fig. 6B, we found that both Sso1-1
Sso02-1p are present at the same level as the corresg
wild-type proteins at both the permissive and the restr
temperature. We conclude that the temperature-sel
phenotypes are not caused by decreased express
increased degradation, but rather reflect a real tempe
sensitivity of the mutant proteins.

The sso02-1 mutation can be suppressed by
overproduction of either Snclp, Snc2p or Sec9p

Fig. 4. Electron micrographs afsoW sso2-1(H902) and congenic
wild-type (NY179) cells at different temperatures. The cells were first
grown in YPD at 24°C until anéoof 1.0. An aliquot of each culture
was then incubated at 37°C for 3 hours s&@ sso2-1cells at

37°C; (b) wild-type cells at 24°C; (c) wild-type cells at 37°C. The
arrow in panel a points to the incomplete septum that can frequently
be found inssoA sso2-1cells at the restrictive temperature. Bars, 1
um (a,b); 500 nm (c).

One reason for making thesolA sso2-1strain was that we therefore proceeded to screen a high copy number genomic
wanted to investigate how theso2-1 mutation interacts yeast library made in thep2vector pHR81 (Nehlin et al.,
genetically with other genes involved in secretion. Wel989) for genes that can suppress the temperature-sensitive
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Fig. 5. Electron micrographs
of ssol sso2-1cells (H902)
grown at the permissive
temperature (24°C). The
panels were chosen to
illustrate the following
morphological defects: (a)
incomplete cell separation; (b)
accumulation of vesicles in the
bud and unusually wide bud
neck; (c-e) incomplete septum
R formation and accumulation of
"N vesicles in the bud neck. The
arrows point to the relevant

il structures. Bars, fim (a,b,c);
A . 200 nm (d.e).

phenotype o6sol sso2-1cells. In addition to th&€SO2Xene  screen were tested for their ability to supprese2-1 As
itself, three suppressor plasmids were recovered, which weexpected, we found thaSOlcan suppressso2-1when
found to containSNC1 SNC2and SEC9 respectively. As present on either a high copy number or single copy number
shown in Fig. 7, the genes differ in their ability to suppresplasmid. By contrast, high copy number plasmids containing
sso2-1at different temperatures. The poorest suppressor e SECI1(Aalto et al., 1991)SEC3(Haarer et al., 19965EC4
SNC2 which can suppressso2-1well at 30°C and poorly at (Salminen and Novick, 19873EC15(Salminen and Novick,
32°C.SNClandSEC9suppressso2-well at 32°C and poorly 1989) orMSO1gene (Aalto et al., 1997) were all unable to
at 34°C. As expected, tH&SO2gene itself on either a high suppress the mutation (data not shown). $se2-1mutant
copy number or a single copy plasmid can complersgo2- allele on a high copy number plasmid, YEpsso2-1 was also
1 at all temperatures tested. tested, but did not suppress the temperature sensitivity at any
Several other genes that were not recovered in the suppressemperature tested. We conclude that overproduction of the
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Fig. 7. Suppression of the temperature-sensgs@2-1mutation by
overexpression of other genes that are involved in secretion. H902
B o 15 30" 60' 120" cells 6sol ss02-) containing differenBECgenes on high copy
—_ number plasmids from the genomic pHR81 library were grown at
B L I [ — 24°C, and then replicated to plates that were incubated at different
o Ssolp temperatures, as shown in the figure. The vector control is pHR81
(Nehlin et al., 1989). Plasmid pMO9 carrying 8802Zene on a
W —————————— single copy plasmid was included as a control (SSO2 CEN in the
figure).
24 24 38 24 38 24 38 24 38
o 15 30 60' 120 mutations in thos8&ECgenes that are involved in the terminal
oo stage of secretion. Thus, thesoldisruption is lethal in the
SS02-] mmm m—m——— ———— presence ofecl sec2or sec4mutations, semilethal isec3
o Sso2p sec sec8and sec9cells, and causes reduced growth at the
Y R permissive temperature Bec5 seclOandsecl5cells (Aalto
etal., 1997). We therefore wanted to examine whethessthie
24 24 38 24 38 24 38 24 38 1 or sso2-1mutations would show synthetic interactions with
_ o _ ) msol. To this end, we dissected tetrads from crosses of
Fig. 6.(A) Characterisation of the anti-Ssolp and anti-Sso2p congenic ssol-1 ssa2 ssoX sso2-1and msoX strains.

antisera. Cell lysates from wild-type (W303-148301A (H403) and
sso2) (H404) cells (1Qug of total protein) and 15 ng of purified

Ss01-GST and Sso02-GST fusion proteins were analysed by westerrgrowth at a range of tem_perletures. . . .
blotting using the specific antisera against Ssolp or Sso2p. The results are shown in Fig. 8. Two interesting observations

Molecular weight markers are shown on the right. (B) Expression of Were made. First, we found that lossw$0O1has a much more

wild-type and mutant Ssolp and Sso2p at permissive and restrictivedronounced effect in cells whe8SO1lis the only expressed

temperatures. Wild-type (W303-1A8s01-1 ssa2 (H1239), and SSQgene than in wild-type cells or cells expressing @02

$s0lA ss02-1(H603) cells grown at 24°C were shifted to either 24°C This effect is seen in the presence of both the wild-§9©1

or 38°C. Samples were taken at 0, 15, 30, 60 and 120 minutes aftel’gene and thasol-lallele. Thus,sso2d msol cells, which

the temperature shift. Cell lysates were prepared apgy28total ~ express the wild-type Ssol protein, are temperature sensitive

protein was analysed by western blotting using the specific antisera ¢ 38°C, while both single disruptions grow well at all

against Ssolp or Sso2p. temperatures tested. Similarly, disruptiMSO1 in ssol-1
sso\ cells, which grow well up to 36°C, makes them more
temperature sensitive with a clear effect being seen already at

mutant protein itself is unable to compensate for the defe@0°C and no growth at all at 34°C. By contrast, disrupting

even if the temperature is lower than in the screen used MSO1lin ssol or ssol sso2-1cells, which express either

isolate the mutation. wild-type Sso2p or Sso2-1p, has little, if any, effect. From these
observations we conclude that the Ssol protein, whether wild

o ) type or mutant, is more dependent on Msolp than is Sso2p.

Synthetic interactions between SSO1, SSO2and MSO1 ~ Second, we found that cells expressisg2-lare somewhat

TheMSO1lgene encodes a small hydrophilic protein that bindsnore temperature sensitive than cells wher&S®®2Zyene has

to Seclp (Aalto et al., 1997). In wild-type cells, a disruptiorbeen deleted. This effect is most clearly seen withsslod -1

of MSO1causes a fourfold accumulation of secretory vesiclesso2-1double mutant, which fails to grow at 36°C, where the

in the bud, indicating a partial block in secretion. However, thessol-1 ssa2 strain grows, but it is also evident from the fact

cells are otherwise healthy. By contrast, theoldisruption thatsso2-1 msad cells grow more poorly thasso2A msoA

shows strong synthetic interactions with temperature-sensitiveells at 36°C. We interpret this as a partial dominant-negative

Spores of different genotypes were isolated and tested for
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effect of thesso2-1mutation with respect wild

temperature sensitivity. A likely explanat type | Ms0TA
is that the Ss02-1 mutant protein, wt ssolA | ssoza | 5507A
functions more poorly than either wild-type mso1A
mutant Ssolp, competes with the latter ss01-1 | ss02-1 ﬁgg?a

association to other SNAREs and thus red ss01-1 | ssolA | ss02-1
the number of productive SNARE comple 5502A | ss02-1 | msolA

that are formed. ss07-1 | ssoTA
Ss02A | ss02-1
msoTA | msoTA

Ssolp and Msolp are both required for
sporulation

In a search for synthetic interactions betw
ss02-1 and other temperature-sensitigec
mutations, we made a number of crosse
a homozygous ssoWssoW backgrounc
Surprisingly, we found that these diplc
failed to sporulate. By contrastso2l/sso2)
diploids  sporulate  normally.  Furtl
experiments confirmed that ti&S0O1lgene i
essential for sporulation even in the pres:  Fig. 8. Synthetic interactions betwesso1, ssoandmsolmutations. W303 congenic
of the wild-typeSSO2gene (Table 3). This  strains of the indicated genotypes (Table 1) were patched onto a YPD plate and grown
noteworthy since all experiments so far ' at room temperature. The plate was then replicated to fresh plates that were incubated at
indicated that the closely relat&&SOlanc  the indicated temperatures.
SSO2genes have redundant functions in
(Aalto et al., 1993). It should be noted 1
SSOland SSO2are differentially expressed during the cell We found that a diploid that is homozygous for msol
cycle (Spellman et al., 1998), and recent evidence furthefisruption is unable to sporulate (Table 4). However, it should
suggests thaBSO1is slightly more expressed the®SO2 be noted that this block does not appear to be as strict as that
during sporulation (Chu et al., 1998). This raised the possibilitpbserved for ssoWssoW strains. Thus, in the W303
that the need foSSOlin sporulation might be due to its background, which is high-sporulating, occasional dyads and
preferential expression rather than to a specific requirement ftnads were formed in thexsoA/msoA strain after several
the Ssol protein. We therefore tested whether overexpressidays on sporulation medium. In the NY179 background, which
of SSOZrom a high copy number plasmid, using either its ownis low-sporulating, no dyads or triads were seen. We proceeded
promoter or theADH1 promoter, could restore the ability of to investigate whether thesoA/msoA sporulation defect can
ssoWsso diploids to sporulate. We found that this was thebe suppressed by overexpression of other genes involved in the
case, but the level of sporulation was much lower than in thierminal step of secretion. As shown in Table 4, we found that
presence of th&SO1gene (Table 3). We also tested whetherboth SEC1landSSOlcan restore sporulation to near wild-type
the SEC9 SNC1or SNC2genes can suppress the sporulationevels when overexpressed from g @lasmid. By contrast,
deficiency ofssoW/ssol diploids when overexpressed (Table overexpression ofSEC4 or SSO2 failed to suppress the
3). This was not the case, indicating that the need for Ssolpsol/msoA sporulation defect. As expected, expression of
cannot simply be compensated for by increased concentratioMSO1 itself from a centromeric plasmid could also
of other interacting proteins. Finally, we tested whe8®0©1 complement themso} sporulation defect. The fact that
is required for pseudohyphal growth. However, this was not theverexpression ofSEC1 can suppress thensoWmsolA
case (data not shown). sporulation defect is noteworthy sinésOlitself was isolated

The finding that Ssolp is required for sporulation and thas a high copy number suppressor ofshel - Imutation. This
observed genetic interactions betwe&%$01 and MSO1  cross-suppression suggests that the two encoded proteins
prompted us to re-examine the role of Msolp in sporulatiorfunction closely together and these proteins have in fact been

Table 3. Sporulation frequencies foissoWssoW diploids Table 4. Sporulation frequencies fomsolA/msoA diploids

containing different high copy number plasmids containing different high copy number plasmids
Strain Plasmid Insert Tetrads (%) Strain Plasmid Insert Tetrads (%)
D67* None - 19.9 D286 YCpMSO1* MSO1 12.5
D273 YEpSSO2 ADH1-SS0O2 0.8 D286 YEpSSO1U SS01 9.9
D272 pSSO2 SS02 0.9 D286 YEpSSO2U SS02 0.0
D272 pSNC1 SNC1 0.0 D286 YEpSEClaU SEC1 8.5
D272 pSNC2 SNC2 0.0 D286 YEpSEC4 SEC4 0.0
D272 pSEC9 SEC9 0.0 D286 pRS426 - 0.0
D272 pHR81 - 0.0

*The MSO1gene on a single copy plasmid was included as a positive
*The congenic wild-type strain D67 was included as a positive control.  control.
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Table 5. Sporulation frequencies foissoWsso! diploids protein in exocytosis, is encoded by duplicated genes, and was

containing single copy plasmids expressing different therefore not recovered in these genetic screens. The two
SS0O1/SSOpromoter fusions genes,SSOland SSO2 were instead cloned as high copy

number suppressors of a temperature-sensitive mutation in the

Strain Plasmid Insert Tetrads (%) . .

SEC1lgene (Aalto et al., 1993). A deletion of eitt&80Olor
p272 PMO7 oot 23.8 SSO2is viable, but loss of both i tativel
D272 bMO33 SSO1 (Ndef) 232 is viable, but loss of both genes in vegetatively grown
D272 pM035 Pss02SSO1 6.9 cells is lethal, thus proving that these t-SNAREs perform an
D272 pMO9 SS02 0.0 essential function in the cell.
D272 pMO24 SSO2 (Ndet) 0.0 To gain further insights into syntaxin function, we have used
D272 pMO37 Pss01SS0O2 0.0

in vitro mutagenesis followed by a genetic screen in yeast to
*These constructs, which were used for the promoter switches, differ fromiSOlate a temperature-sensitive mutation in§8©2yene. The
the corresponding wild-type genes only in that they cariydahsite at the resulting sso2-1 mutation is very conservative: it changes
ATG. arginine-200 to a lysine. The syntaxin-like t-SNAREs comprise
a large protein family (Aalto et al., 1993; Weimbs et al., 1997)
which includes not only the Sso proteins and their homologs
shown to physically interact (Aalto et al., 1997). The fact thain other eukaryotes, but also more distantly related proteins
SSO1but notSSOZXan suppress thesoA/msol phenotype such as Sed5p (Hardwick and Pelham, 1992) and Pepl2p
is also interesting. It lends further support to the notion thatBecherer et al., 1996), which function in transport between
Ssolp has a unique function during sporulation that cannot lee ER and Golgi, and between Golgi and the vacuole,
provided by Sso2p. respectively. Whereas the true Sso homologs from all
eukaryotes show extensive similarities to each other throughout
_ their sequences, the similarities to Sed5p and Pepl2p are
Expression of SSO2 from the SSO1 promoter cannot limited to a highly conserved region of about 70 residues that
restore sporulation in an sso1/ssol strain precedes the C-terminal hydrophobic tail (Aalto et al., 1993).
Finally, we wanted to investigate whether the inabilit$802 This domain (known as ddrg participates both in the
to complement theésSO1sporulation defect is due to the formation of the closed conformation of syntaxin molecules,
decreased expression &SO2 that is observed during where it interacts with the N-terminal 3 helix bundleHisHc),
sporulation (Chu et al., 1998), or if the Ssol protein has and in the formation of the Ssop-Sncp-Sec9p complex (Fiebig
specific role in sporulation. We proceeded by introducing &t al., 1999). Nine residues withincde are particularly
restriction site at the start codon of both genes and thestrongly conserved among the syntaxin-related proteins (Aalto
swapped the promotors between the genes. The fusia@t al., 1993) and arginine-200 is one of them. This suggests that
constructs were cloned intdCEN plasmids that were the arginine is functionally very important, and may thus
transformed into arssoN/ssol\ strain. The transformants explain why a conservative substitution to a lysine has such a
were plated to sporulation medium, incubated at roonpronounced effect.
temperature for 5 days before determining the sporulation Interestingly, a temperature-sensitive mutation in Sed5p,
frequency by counting at least 1000 cells in a Burker chambeaed5-1 changes the same arginine, in this case to a glycine
(Table 5). As expected, we found that expression o5®®1 (Banfield et al., 1995). A mutation of the corresponding
gene or its derivative with aNdd site at the ATG restores arginine (arginine-198) was also one of several alanine
sporulation to the level seen in the wild-type strain (Table 3)substitutions used to study how rat syntaxin 1A (a direct
Expression of theSSO2gene from the same single copy mammalian homologue of Ssolp and Sso2p) interacts with
plasmid did not restore sporulation to any detectable degredifferent proteins in vitro (Kee et al., 1995). Temperature
unlike the result obtained with high copy numib@BO2 sensitivity was not examined in that study, nor was the effect
plasmids. Interestingly, nor was any sporulation seen when tlté mutating arginine-198 alone determined. However, a double
SS0O2gene was expressed from ti®5O01promoter. By mutation of arginine-198 and isoleucine-202 abolished the in
contrast, expression of ti&S0Olgene from th&&SOZromoter  vitro interaction of syntaxin 1A with VAMP/synaptobrevin
did restore sporulation, but to a lower degree than in the wildKee et al., 1995). Furthermore, the binding of the mammalian
type (Table 5). From these experiments we conclude that it Bec9p homolog SNAP-25 was significantly reduced in two
the Ssol protein itself that is specifically required duringquadruple mutants, both of which involved arginine-198, and
sporulation. the binding of the mammalian Seclp homolog n-Secl was
abolished in one of these two quadruple mutants. These results
] ) are interesting in view of the finding th&NC1, SNCand
Discussion SEC9can suppress theso2-1mutation when overexpressed
Docking and fusion of secretory vesicles at the plasméGerst, 1997) (Fig. 7). It suggests a direct interaction model for
membrane involves a large number of proteins (Salminen arttle suppression, where a reduced affinity of the Sso2-1 protein
Novick, 1987; Salminen and Novick, 1989; Aalto et al., 1992for Snclp, Snc2p and/or Sec9p is compensated for by an
Aalto et al., 1993; Protopopov et al., 1993; Brennwald et alincreased concentration of these proteins.
1994; TerBush et al., 1996). Many of them were first identified To study the terminal phenotype of thgo2-1mutation at
by genetic screens in yeast, as temperature-sensitive mutatighe restrictive temperature we made a yeast strain that lacks the
in the SEC genes that block secretion at the restrictivewild-type SSOlgenes and carries teeo2-1allele at theSSO2
temperature (Novick and Schekman, 1979; Novick et allocus. As expected, we found thssold sso2-1cells are
1981). However, the yeast homologue of syntaxin 1, a ketemperature sensitive for growth. Furthermore, the cells
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accumulate transport vesicles at the restrictive temperatuseippression. We further note that b&@80O2and SEC9can
(Fig. 4). This phenotype is similar to that of classisat  suppress temperature-sensitive mutations in each other when
mutations (Novick et al., 1981) and consistent with our findingverexpressed. This resembles the reciprocal cross-suppression
that secretion is impaired in these cells (Fig. 2). The sameetweenSEClandMSO1
mutation was also introduced in8501 producing thessol- Significantly, we have found that t&S0OlandSSOZXenes,
1 allele. We found thastsol-1 ssaZ cells are temperature previously thought to be functionally redundant (Aalto et al.,
sensitive, but with a less pronounced phenotype. Thus, they fdi93) have partially non-overlapping functions. This
to grow at 38°C and above (on rich media), compared witlbonclusion is supported by three observations. First and
30°C for ssolA sso2-1 cells. It is noteworthy that the foremost, we found that Ssolp is required for sporulation, and
temperature sensitivity of bothsol-1and sso2-1is more that Sso2p cannot provide this function, even when expressed
pronounced on rich media than on synthetic media. A similadirom the SSOlpromoter (Table 5). Second, we found that
phenotype was observed for yeast cells that lack the twaverexpression of Ssolp, but not of Sso2p, can suppress the
plasma membrane v-SNARESNC1and SNC2(Protopopov  sporulation defect of amsolA/msoA diploid (Table 4). Third,
et al.,, 1993) and fosec3-101strains (Haarer et al., 1996). we found that a disruption SOZ1has a much stronger effect
These observations, together with our finding, suggest that cells expressing only Ssolp, indicating a specific functional
cells with a partially impaired secretion have a specific problerdependency between these two proteins (Fig. 8). It suggest that
with growth on rich media. The cause of this rich mediumSsolp and Msolp function closely together, possibly within the
sensitivity remains to be determined. same complex. It should be noted that while a direct interaction
We further found thassoW sso2-1cells (but notssol-1 between Msolp and Ssolp (or Sso2p) has not been
sso) cells) have a pronounced phenotype at the permissivdlemonstrated, Msolp interacts with Seclp (Aalto et al., 1997)
temperature. Thus, cytokinesis and neck closure are severelgd Seclp in turn interacts with the Sso proteins (Carr et al.,
affected, causing an incomplete separation of mother antb99).
daughter cells (Fig. 5). This effect is recessive and restricted to The fact that both Ssolp and Msolp are required for
cells where Sso2-1p is the only Sso protein, so it most likelgporulation suggests that the function provided by these two
reflects a partial loss of function for the mutant protein alreadproteins is particularly important during this process. In this
at the permissive temperature. Syntaxins have been showndontext, it is interesting to note that Sec9p has a duplicated
be required for cytokinesis 8. elegans, A. thalianand sea homologue, Spo20p, which is expressed only during meiosis,
urchin embryos (Lukowitz et al., 1996; Jantsch-Plunger andnd which is required for sporulation (Neiman, 1998). It raises
Glotzer, 1999; Conner and Wessel, 1999). In addition, ouhe question whether Ssolp and Msolp could be part of a
findings show that syntaxins are important for cytokines. in sporulation-specific vesicle docking complex. It should be
cerevisiae Secretion plays a key role in growth and formationnoted that Ssolp and Msolp are both expressed and
of the bud, and it is therefore not surprising if a partial defedunctionally active in mitotic cells (Aalto et al., 1993; Aalto et
in the docking and fusion of transport vesicles can affect neck., 1997) so the situation is not completely analogous to that
closure (e.g. by limiting new membrane formation). We furtheof Spo20p. Still, it is conceivable that a sporulation-specific
note that even when a complete septum has been formed, {h®tein such as Spo20p might interact specifically with Ssolp,
cell wall is often continuous between the mother and daughtéut not Sso2p. This could explain why Ssolp is required during
cell (Fig. 4a). It is possible that this reflects a failure in thesporulation. Alternatively, a modification that is specific for
delivery of cell wall degrading enzymes to the neck siteSsolp might be involved. Ssolp is phosphorylated on serine-
Finally, we note that whilessol-1 ssao2 cells lack a clear 79 and dephosphorylation of this residue is required for
morphological phenotype at 24°C, they display similar vesiclefficient incorporation of Ssolp into SNARE complexes
accumulation and septum formation defects at the restrictivdMlarash and Gerst, 2001). However, this serine is conserved in
temperature (38°C). Sso2p, so it is unlikely that this phosphorylation accounts for
One reason for obtaining a temperature-sensgs®2-1 the differential behaviour of Ssolp and Sso2p during
mutation was to study its genetic interactions with other genesporulation. As for the role of Msolp, it is interesting to note
involved in secretion. Several such interactions have previousthat the sporulation defect ahsoWmsoW cells can be
been found between the late-act®i§Cgenes. Thus, theSO1  suppressed by overexpression of either Ssolp or Seclp (Table
andSSOZgenes can suppress temperature-sensitive mutatiod$. A possible interpretation of this finding is that Msolp
in the SEC1 SEC3 SECH SEC9and SEC15genes when functions by activating or potentiating Ssolp, possibly through
overexpressed (Aalto et al., 1993EC9encodes the yeast an interaction with Seclp, which is also known to be required
homolog of SNAP-25, a subunit of the SNARE complex thatluring sporulation (Neiman et al., 1998). Accordingly, the need
interacts with the Sso proteins (Brennwald et al., 1994). Thior Msolp in meiosis would be a consequence of the specific
Secl protein is also known to interact with the syntaxins (Hataeed for Ssolp in this process. Finally, we note that a specific
and Sudhof, 1995; Carr et al.,, 1999). The remaining threeeed of Msolp for proper Ssolp function could explain why
genes that are suppressedd80landSSO2encode subunits themsoldisruption has a much stronger effect in mitotic cells
of the exocyst, another protein complex that is involved in thexpressing only Ssolp than in cells expressing only Sso2p.
terminal stage of secretion (TerBush et al., 1996). We found
that theSNC] SNC2and SEC9genes can suppresso2-1 We thank Vesa Olkkonen for the use of animal facilities for
when they are overexpressed, whereaS&@€1 SEC3SEC4,  aptibody production, Markus Linder for HPLC analysis of the peptide
SEC15andMSO1lgenes failed to do so. As discussed abovegoupling, and Dan Fredriksson, Mervi Lindman, Outi Kénénen and
Sso2p, Sec9p and Snclp all interact with each other, whighanna Karmakka for skilful technical assistance, Jukka Juselius for
suggests a direct physical model for the mechanism dfelp in the preparation of figures and Patrick Brennwald, Jeffrey
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