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In Saccharomyces cerevisiae, the GTP-binding Yptl protein (Yptlp) is essential for endoplasmic reticulum-
to-Golgi protein transport. By exploiting a GALI10-YPT1 fusion to regulate YPT1 expression, three multicopy
suppressors, SLY2, SLY12, and SLY41, and a single-copy suppressor, SLY1-20, that allowed YPT1-independent
growth were isolated. Wild-type Slylp is hydrophilic, is essential for cell viability, and differs from Sly1-20p by
a single amino acid. SLY2 and SLY12 encode proteins with hydrophobic tails similar to synaptobrevins, integral
membrane proteins of synaptic vesicles in higher eucaryotes. Sly41lp is hydrophobic and exhibits sequence
similarities with the chloroplast phosphate translocator. SLY12 but not SLY41 is an essential gene. The SLY2
null mutant is cold and heat sensitive. The SLY gene products may comprise elements of the protein transport

machinery.

A large and still increasing number of genes encoding
small GTP-binding proteins have been identified in both
lower and higher eucaryotes. They collectively constitute
the ras superfamily, the best known members of which are
the ras proto-oncogenes (for a review, see reference 6). ras
and ras-related proteins are evolutionary highly conserved
and share similar structural and biochemical properties (for
reviews, see references 17 and 23). The conformational
change occurring during the transition from the GDP- to the
GTP-bound form is the characteristic feature that allows the
regulation of these proteins and gives them their regulatory
function (42, 50). When these proteins are complexed with
GTP, they assume an active conformation that allows inter-
action with specific targets and associated activation of
specific cellular reactions. The subsequent hydrolysis of
protein-bound GTP, which is brought about by an intrinsic
GTPase activity and accelerated by interacting GTPase-
activating proteins (25, 33, 75, 77), ensures that the action of
the regulator is temporally limited and allows the regenera-
tion of an activation-competent complex.

A challenging problem is to characterize the normal cel-
lular function of the many members of the ras superfamily of
proteins. Examining the functions of these proteins in bio-
logical systems accessible to classical genetics may be the
most feasible approach to determining their various roles.
This applies to the unicellular yeasts, in which more than 10
small GTP-binding proteins, most of them with essential
functions, have been identified. For example, defects in the
RAS2 gene of the budding yeast Saccharomyces cerevisiae
interfere with normal cyclic AMP metabolism. In fact,
evidence for the RAS2 gene influencing the activity of
adenylyl cyclase was first obtained by observing suppression
of a ras2 defect in bcyl mutants (73) lacking a functional
regulatory subunit of cyclic AMP-dependent protein kinase
(41). Further analysis of suppressors led to the identification
of several genes acting downstream or upstream of RAS2
(14, 15, 55, 69).
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Whereas yeast Ras proteins are signal amplifiers, several
ras-related proteins are likely to have another mode of
action. Through the analysis of conditional and null mutants
of SEC4 (26, 57), YPTI (4, 21, 60, 63), SARI (47), and ARFI
(65), at least four genes encoding GTP-binding proteins have
been shown to be involved in protein transport from the
endoplasmic reticulum (ER) to the plasma membrane. Mech-
anistically, these proteins are thought to cycle between a
membrane-bound and a soluble form (43) and to direct the
vesicular transport between different cellular compartments,
i.e., from the ER to the Golgi complex, between separate
Golgi cisternae, and from the Golgi apparatus to the plasma
membrane (4, 11, 63, 78). At the restrictive temperature,
sec4 mutants are blocked late in the secretory pathway and
accumulate small vesicles (49, 57). The YPTI gene product,
which is structurally highly related to Secd4p (21), in contrast,
participates in the transport process from the ER to the Golgi
compartment and possibly also in intra-Golgi vesicle move-
ments. Yptlp-depleted cells as well as conditional ypt/
mutants at the nonpermissive temperature are characterized
by a massive accumulation of ER and partially glycosylated
invertase (60, 63). The secretion defect has also been ob-
served in cell-free transport systems from ypt/ mutant cells
or by blocking in vitro protein transport with anti-Yptlp
antibodies (3, 4). Evidence for a similar function of the
mammalian yptl protein (27), which has also been named
rabl (74), comes from immunofluorescence and subcellular
fractionation studies showing that yptlp is primarily local-
ized to Golgi membranes (51a, 63) and from the finding that
the mouse yptlp can functionally replace its yeast counter-
part (28).

In a search for proteins that interact with Yptlp or fulfill a
related function, we made use of both genetic and molecular
genetic methods whose combination makes the yeast system
exceptionally attractive. The basic strategy was to switch off
the expression of the essential YPTI gene under control of
the repressible GAL10 promoter (61) and to identify genes
able to suppress the loss of YPTI function. In this way, a
mutant gene, SLYI-20 (for suppressor of loss of YPTI
function), whose protein product carries a single amino acid



VoL. 11, 1991

TABLE 1. S. cerevisiae strains used in this study

Strain Genotype i’;ﬁig
GYWS8-2A  MATa leu2 his3 GAL10-YPTI-LEU2 61
HLR3 MATa leu2 his3 GALIO-YPTI-HIS3 60
GFUII-2B  MATa leu2 his3 GALI0-YPTI-HIS3 This work
GFUII- 1B MATa ura3 his3 GALIO-YPTI-HIS3 This work
LSY20-1A MATa leu2 his3 GAL10-YPTI-LEU2 This work
SLYI-20
DAH430H MATa/MATa YPTI/yptl::HIS3 leu2/ 60
leu2 his3/his3
DAH430 MATa/MATa YPT1/YPTI leu2l/leu2 60
his3/his3
INT1“ Same as GFUII-2B with plasmid This work

YRpSL-SLY1/5 integrated at the
SLYI locus

¢ This transformant is phenotypically Glu™ [presumably SLY/(wt)-YRpSL-
SLYI(wt)).

substitution compared with the wild-type Slylp, and three
multicopy suppressor genes, SLY2, SLYI2, and SLY4I,
were isolated and characterized. Cells overexpressing wild-
type SLY2, SLYI2, and SLY41, but not SLYI, and cells
producing the Sly1-20 mutant protein were viable even after
disruption of the YPTI gene. The sequences of Sly2p,
Sly12p, and Sly41p suggest that they are integral membrane
proteins. Moreover, the protein products of the SLY2 and
SLYI2 multicopy suppressor genes have structural features
in common with synaptobrevin, a synaptic vesicle mem-
brane protein that is highly conserved in higher eucaryotes
67).

MATERIALS AND METHODS

Genetic techniques. Escherichia coli RR1 and JM101 were
used for cloning experiments and the expression of lacZ
fusion genes. S. cerevisiae strains used in this study are
listed in Table 1. Crosses, sporulation of diploids, and
dissection of tetrads were done as described by Sherman et
al. (64). Rich medium (YEP) contained 1% yeast extract and
2% peptone (Oxoid), supplemented with 8% glucose (YEPD)
for full repression of the GAL10 promoter in front of the
YPTI gene in strains HLR3, GFUII-1B, GFUII-2B, and
GYWS8-2A and in mutants and transformants derived from
these strains. To induce the expression of the YPT! gene in
these strains, YEP medium was supplemented with 2%
galactose (YEPGal) instead of 8% glucose. Transformants
and diploids were selected in minimal medium containing
0.67% yeast nitrogen base without amino acids (Difco) and
either 2% glucose (SD) or 2% galactose (SGal). These media
were supplemented to meet the auxotrophic requirements of
particular strains (64). Yeast cells were made competent and
transformed by the lithium acetate technique as described by
Ito et al. (30).

Since growth of GAL10-YPTI strains stops after at least 12
h on glucose medium (61), transformants derived from these
strains had to be replica plated to YEPD plates a second time
after 24 h. This allowed the determination of Glu* and Glu™
phenotypes after 2 days of incubation on YEPD plates.

For mutant isolation, strain HLR3 was grown in YEPGal
medium and washed with 50 mM KPO, buffer, pH 6.5. The
cells were treated with 1% ethyl methanesulfonate (EMS) for
1 h at 25°C in the same buffer. After washing with YEPD
medium, cells were incubated in this medium at 25°C for
mutation fixation. After 4 h of incubation, cells were spread
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on selective YEPD plates. The EMS treatment did not
reduce the viability of the cells and had no strong effect on
the number of colonies. All colonies, however, appeared at
the same time and had about the same size; therefore, the
colonies could be replica plated conveniently after 4 days of
incubation at 25°C.

For genetic analysis, the YPTI-independent mutants iden-
tified by the YPTI deletion (yptl ~) were crossed to strain
GYWS8-2A, a strain carrying a GALI0-YPTI fusion (pheno-
type Glu™) and complementary amino acid requirements. All
diploids obtained were Glu*. Since these diploids were
homozygous for the GAL10-YPTI fusion, the Glu* pheno-
type of the diploids suggests that the suppressor mutations
are dominant. About half of the spores derived from these
diploids were again Glu*. Although the spore viability was
low in some cases, this result suggests that mutations in one
particular gene are sufficient to make the cells YPTI inde-
pendent. Since all suppressor mutations were dominant,
allelism between the mutations in the different isolates had to
be tested by crossing spores derived from different clones
and subsequent tetrad analysis. This test for allelism was
performed by using five isolates that showed good spore
viability as well as four spores derived from a second screen
for YPTI-independent mutants. None of the different com-
binations tested gave rise to Glu™ spores, suggesting that all
clones were mutated in the same gene (SLYI).

Plasmids and nucleic acid techniques. DNA manipulations,
such as E. coli transformation, restriction enzyme diges-
tions, and ligations, were performed as described by Sam-
brook et al. (58). Preparation of yeast DNA and RNA and
Northern (RN A) blotting were described previously (36, 37).

Plasmid YCp50 (52) was used as a low-copy-number yeast
vector. The high-copy-number library was constructed by
using the 2pm-based vector YEpl13 (13). Other high-copy-
number vectors used were YEp511, which was derived from
YEpS1 (12) by deleting the GALIO sequences from this
vector, and YEp24 (16), which carries the URA3 marker.
These two plasmids were used for subcloning fragments
derived from the original isolates YEp13-SLY2, YEpl3-
SLY12, YEp13-SLY41, and YCp50-SLY1/5(wt) to localize
the complementing activity or to check whether the
SLYI(wt) allele acts as a suppressor when overexpressed.

The GALIO-YPTI fusion gene together with the HIS3
marker gene were deleted from mutants by transformation
with a 5.4-kb HindIIl fragment derived from plasmid
pAYL-2 (60). This plasmid contains parts of the TUB2 and
ACTI genes, which flank the YPTI gene on chromosome V1.
The Narl-BamHI fragment containing the YPTI gene was
replaced in this vector by a Narl-Bglll fragment containing
the LEU2 gene. The transformants were checked for the
absence of any YPTI sequences by Southern blot analysis
(data not shown).

To check the suppressor activity of the SLY2 and SLYI2
genes on a low-copy-number plasmid, a 3.0-kb-long BamHI
fragment containing the SLY2 gene and a 3.0-kb HindIII
fragment carrying the SLYI2 gene were subcloned into
YCp50 (52). The resulting plasmids were transformed into
the ura3 strain GFUII-1B. To achieve moderate overexpres-
sion of the SLY4I gene, a 1.9-kb Spel fragment containing
the 2pm origin of replication was deleted from plasmid
YEp24-SLY41, which carries the SLY4I gene as a 3.0-kb
Clal fragment. The resulting plasmid was cut either with
Ncol to direct integration into the URA3 locus or with Xbal
to direct integration into the SLY4I locus. The linearized
plasmids were mixed and transformed into GFUII-1B.
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Transformants were selected on SGal plates, and colonies
were replica plated onto YEPD plates.

Yeast DNA libraries were constructed by using DNA from
a yeast strain with a deletion of the YPTI gene and carrying
the dominant SLYI-20 allele. This DNA was partially di-
gested with the endonuclease Sau3A or Taql. The endonu-
clease digestion was stopped by adding EDTA to the reac-
tion mixture after different time intervals. The DNA was run
on a preparative agarose gel, and the region containing DNA
fragments longer than 4 kb was cut out of the gel. DNA was
purified from the gel slice according to the method of Tautz
and Renz (70) and ligated into the vectors YEpl3 and
YCp50. YEp13 and YCpS0 DNA were cut with BamHI or
Clal, respectively, and dephosphorylated to prevent religa-
tion. The BamHI-Sau3A ligation and the Clal-Tagl ligation
yielded about 40,000 and 4,000 E. coli clones. About 9% of
the plasmids contained an insert, as determined by checking
for tetracycline-sensitive clones (the insert should disrupt
the tet gene).

Three different clones containing the SLYI mutant gene,
YCp50-SLY1/2, -SLY1/5, and -SLY1/6, were derived from
the Tagql library. The LEU2 marker gene was inserted into
the unique Sall site of the smallest of these isolates, YCp50-
SLY1/5, as a 2.2-kb Xhol-Sall fragment which was excised
from YEpl3 (13). The resulting centromere plasmid,
YCpSLU-SLY1/S, was transformed into the leu2/leu? strain
DAH430H to check the ability of this plasmid to complement
the YPTI deletion. YCpSLU-SLY1/5 was cut with Xhol to
delete the URA3 gene and most of the CEN4 sequences from
this plasmid, thus creating YRpSL-SLY1/5. As an ARSI
plasmid, this vector can either integrate into the genome or
replicate autonomously. Hence, either fast- or slow-growing
transformants were obtained when this plasmid was cut at
the unique Pvull site in the cloned SLY! sequence and used
for yeast transformation. The GAL10-YPTI strain was trans-
formed with this linearized plasmid, and transformants were
selected on minimal plates lacking leucine and containing
galactose as the sole carbon source. Both the fast- and the
slow-growing clones were either Glu* or still Glu~. We
assume that in these Glu™ clones the SLYI(w¢) allele on the
chromosome was used as template for the repair of the
linearized plasmid DNA. DNA from a small Glu™ colony
was used for E. coli transformation to reisolate plasmid
YRpSL-SLY1/5 containing the wild-type allele of the SLYI
gene (YRpSL-SLY1/5™"). A fast-growing stable Glu™ trans-
formant (INT1) was mated with a SLY/-20 mutant (LSY?20-
1A) to prove the integration at the SLYI locus by tetrad
analysis.

For DNA sequence analysis, DNA fragments from sub-
clones with yptI ~-complementing activity were inserted into
the vector pSPT18 (Pharmacia). Supercoiled plasmid DNA
was purified from agarose gels according to Tautz and Renz
(7Q) and sequenced by the chain termination method (18, 59),
usipg the SP6 and T7 primers and other synthetic primers
synthesized according to sequences established. In each
case, both strands were sequenced.

Southern transfers to Nytran-NY13N membrane (Schle-
icher & Schiill) were performed by using standard proce-
dures. Hybridization was carried out at 65°C in 1 M NaCl-
10% dextran sulfate-1% sodium dodecyl sulfate with 100 mg
of calf thymus DNA per ml as the carrier. The same
conditions were used when a yeast DNA library (vector
YCp50) was screened for clones containing the SLYI(w?)
gene with a 0.8-kb BglII fragment from the mutant sequence
as a probe. One positive clone was obtained, which was
named YCpS50-SLY1(wt). The cloned sequence was not able
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to suppress the turning off of YPT! expression even when
subcloned into the multicopy vector YEp511.

One-step gene disruption was carried out according to
Rothstein (53). A 2.2-kb Hpal fragment and a 3.0-kb Bg/II
fragment containing the LEU2 gene, a 2.2-kb EcoRV-Hincll
fragment containing the HIS3 gene, and a 1.2-kb HindIII
fragment containing the URA3 gene were inserted into the
coding regions of the SLY1, SLY12, SLY2, and SLY41 genes,
respectively. These fragments were derived from vectors
YEp13 (13), pBR322-HIS3 (66), and YEp24 (16) and inserted
into the unique restriction sites of the particular SLY genes
present as pSPT18 subclones: the Hpal site in SLYI, the
Bglll site in SLY12, the Xbal site in SLY41, and the Ncol
site in SLY2. Then 57 or 96 nucleotides were removed from
the coding region of the SLY2 gene with BAL 31 nuclease.
Where necessary, the ends of the DNA fragments and the
vector DNA were made blunt by using the Klenow fragment
of E. coli DNA polymerase I. Fragments containing the
disrupted SLY genes were cut out of the plasmids by using
endonucleases Spel (SLYI1), Ncol-HindIIl (SLY12), Hin-
dIII-Nhel (SLY41), and Smal-Sall (SLY2). These fragments
were purified from agarose gels and used to transform strain
DAH430 (SLYI, -2, and -12) or DUR3 (SLY4I) (see Fig. 4,
10, 11, and 12). In the case of SLY2, some nucleotides were
left which were derived from the pSPT18 polylinker next to
the BamHI sites at the boundaries of the yeast DNA insert.
However, this small mismatch at the end of the fragments
did not interfere with the gene disruption, because the effects
of the SLY2 disruption can be fully complemented by
plasmids carrying as an insert a 1.5-kb BgmHI-EcoRV
fragment that contains only SLY2 sequences and no se-
quences from the neighboring reading frames. Moreover,
Southern blot analysis showed that the BamHI sites present
at the end of the yeast DNA sequence are still present in the
transformants (data not shown). Transformants were sporu-
lated, and tetrad analysis was performed on YEPD plates.
The integration of the DNA fragments at the different SLY
loci was verified by Southern blot analysis as shown in Fig.
4, 10, 11, and 12.

Sequence comparison and secondary structure predictions.
The search for proteins with sequence similarities to the
products of the SLY1, SLY2, and SLYI2 genes by screening
the MIPSX protein data base (Martinsrieder Institut fiir
Proteinsequenzen; release 16 with 31435 sequences) did not
detect any entry in this data base which yielded an optimized
score of more than 82 with use of the FASTA algorithm
(word size = 2) of Pearson and Lipman (51). Two proteins
were identified which gave an optimized score of >100
compared with the primary sequence of the putative Sly41p.
Two algorithms, RDF2 (51) and one algorithm written by
Argos (2), were used to test the significance of these simi-
larities. The score for the sequences aligned in Fig. 8B is 5.4
(region 1 and 3) or 6.5 (region 2) standard deviations above
the mean score for the randomly permutated sequences.

Nucleotide sequence accession numbers. The sequences of
the SLYI, SLY2, SLYI2, and SLY4l genes have been
assigned the accession numbers X54323, X54236, X54237,
and X54238, respectively, by the EMBL data base.

RESULTS

Isolation of YPTI-independent mutants. The YPT! gene in
S. cerevisiae encodes a protein with an essential function
(61, 62). YPTI-independent yeast mutants were isolated by
using a GAL10-YPTI fusion. Placing the regulatable GALI0
promoter in front of the YPTI coding region makes cells
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FIG. 1. Scheme for isolation and cloning of the suppressor
SLYI1-20. (1) Mutagenized HLR3 cells were spread on selective
YEPD plates. Mutant colonies appearing after 4 days of incubation
at 25°C were replica plated onto different media to identify clones
with the indicated phenotypes. (2) YPTI was replaced by the LEU2
gene in Ts~ clones (Glu* at 25°C but not at 37°C). (3) A DNA library
with fragments of a genetically analyzed ypt/~ strain, inserted into
the single-copy vector YCp50, was (4) used to transform a GAL10-
YPTI strain to identify Glu™ Ts~ colonies. (5) The recombinant
plasmid was isolated and (6) was transformed into a DAH430H
diploid.

galactose dependent and sensitive to the presence of glucose
in the growth medium (61). With use of this selective system
with EMS-mutagenized cells, however, mutations in the
regulatory GAL4 and GAL80 gene products may also allow
mutants to grow on glucose-containing medium. With this in
mind, we isolated temperature-sensitive revertants (step 1 in
Fig. 1), assuming that a YPTI-specific extragenic suppressor
might be unable to rescue YPTI-deficient cells at all temper-
atures. In fact, high expression of the GAL4 gene suppresses
the shutdown of GALIO-YPTI expression at both 25 and
37°C (see below). Moreover, the efficient selection of condi-
tional mutations in regulatory GAL genes requires primary
mutations in the GAL80 gene (40).

To ensure that the conditional phenotype of the revertants
isolated was specific for YPT! deficiency, we further ana-
lyzed only clones that were Ts™ on glucose-containing but
not on galactose-containing medium (Fig. 1). Most of the
revertants isolated could also survive the deletion of the
YPTI coding region, indicating that they were indeed YPT!
independent. To delete the YPTI gene, the revertants were
transformed with a linear DNA fragment containing the
LEU?2 marker gene in place of the YPTI coding region (step
2 in Fig. 1). As the original strain HLR3 carries the HIS3
marker gene near the 3’ end of the GALI0-YPTI fusion gene
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on chromosome VI (61), yptl~ transformants became His™
and Leu™ after correct integration of the linear DNA frag-
ment at the YPTI locus. In at least one of the His /Leu*
transformants derived from each revertant, the absence of
YPTI coding sequences was verified by Southern analysis
(data not shown).

Five of the YPTI-independent mutants, crossed with a
wild-type haploid, had good spore viability. The genetic
analysis of these isolates showed that (i) mutations in one
particular gene were sufficient to suppress the YPTI defect,
(ii) the mutations were not linked to the YPTI gene, (iii) all
mutations were either in the same gene or in closely linked
genes, and (iv) all mutations behaved as dominant suppres-
sors of the YPTI deficiency. Four mutants derived from a
second screening for YPTI-independent growth were also
found to be mutated in the same or a closely linked gene.
This gene was named SLY! (for suppressor of loss of YPTI
function). In accordance with standard S. cerevisiae nomen-
clature, dominant mutant alleles were designated SLYI-20
for example, while we refer to the wild-type gene as
SLYI(wt).

Cloning of SLY1-20, a mutant gene acting as single-copy
suppressor. The dominance of the SLY/ suppressor muta-
tions allowed to easily clone the gene. As outlined in Fig. 1,
fragmented chromosomal DNA from a SLY/-20 mutant
lacking the YPTI gene was inserted into the yeast single-
copy vector YCp50 (52), which carries the URA3 marker,
ARS1 (yeast replication origin), and CEN4 (yeast cen-
tromere) sequences (step 3 in Fig. 1). The plasmid collection
was used to transform an ura3 strain with the GAL10-YPTI
fusion gene on chromosome VI. All Ura* colonies selected
on galactose medium were replica stamped onto glucose-
containing plates (step 4 in Fig. 1). Transformants containing
a plasmid with the dominant SL Y/-20 allele should be able to
survive the shutdown of YPTI transcription in the presence
of glucose. As expected, all of the isolated Glu™ colonies
were temperature sensitive on glucose- but not on galactose-
containing media. From such Glu™ transformants, three
different plasmids with overlapping DNA inserts were iso-
lated (step 5 in Fig. 1). The smallest of these plasmids
(YCp50-SLY1/5) contained a 3.1-kb insert with a 1,998-bp-
long open reading frame (Fig. 2). Deletions starting from
either side of the insert and ranging into this open reading
frame destroyed the suppressor activity. This result sug-
gested that the 1,998-bp open reading frame encodes the
yptl ~-complementing activity.

Evidence for the cloned sequence representing the
SLYI-20 mutant gene was obtained in two different ways.
First, the cloned sequence could suppress not only the
turning off of the GAL10-YPTI fusion but also the deletion of
the YPTI gene. To prove this, the diploid strain DAH430H
with one YPTI gene replaced by the HIS3 marker gene (60)
was transformed with plasmid YCpSLU-SLY1/S. This cen-
tromere plasmid was derived from the original SLYI-20-
containing isolate YCp50-SLY1/5 by insertion of the LEU2
gene as an additional marker. Leucine-prototrophic transfor-
mants were selected and sporulated. Eleven tetrads dis-
sected gave rise to 22 large His™ colonies. The His™ pheno-
type indicated that they carried the YPTI allele. In addition
to these wild-type spores, 12 somewhat smaller His*/Leu™
colonies grew out of the spores derived from plasmid-
containing diploids. The His*/Leu* phenotype suggested
that they required for growth the suppressor gene present on
the plasmid. The segregation pattern (12 His™ and 10 non-
growing spores within 11 tetrads) is consistent with the
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M E XN 8 BLPTPFPEAAMEOMNVYVTER AALDN
ACGTACAAGGAGGAAGCCGCAGAAATTACTAGGAAAACTGGTGTTACCAACATATCAGAT
TYKEEAAEITRKTGVTHTIGSD
1'TGGAéCCMACTCGMTMTGATA&GGTTCAMT'i'CAGGMGTCGTMAGMACi‘GCCA
8 Q Q

A
GAGTTMCAGCTMGMAMTACTAT‘I‘GATACACM‘ATGMTATTTTTGCTGCATTGTTG

T I DTEHEMMNMITPFAALTL

TCACAATTGGAAAGTAAAAGTCTTGATACTTTCTTTGAAGTTGAACAAGACCCTGGAAGC
Q 8 8 L DTPFTPFEVEUQDTPGSS

ACCAAAACAAGATCTAGGTTTTTGGATATACTAAAAGATGGTAAGACAAACAATCTTGAG

T K T I XKD G K T
GACAAACTGAGATCGTTTATTGTTCTTTACTTGACATCAACGACAGGCTTACCAAAGGAT
D XK L R I VLY@l 8 (]

TTTGTCCAMAATGTGGAAAACTATTTCAAGGAARACGAT TACGATATCAATGCTTTAAAR
F VQXVENTYTFKTEOMNDTYTDTIDNA ALK
'rA'rc'ri'rArMccni.cAcAerrcxi'ccn'rrucmtxrcchi‘ncam’rmrcr
Y X L Q 4 Q¥ 8
r‘rccnamccucccu‘rccscrncmccuccncnucm‘ruccccn’rcu'r
8 G Y

8 A rF KX P S8 l L T L

GGCTTAACTAAAGGCAAATTACAAGGAGGTGTAGGAAGTTTAATATCAGGTATTAAGAAG
XK G KL QGG VG S L I

TTACTGCCTGAAAAGAAAACCATCCCGATAACAAATGTTGTTGATGCGATAATGGACCCT
LLP? EKKTIPTITMNVVDATIMDZEP
TTAAACAGCTCTCAAAAARATTTGGAGACTACTGACAGT TACCTATACATCGACCCARAA
L XSS QKWNLETTDS TYLYTIDSTPK
ATTACAAGGGGTTCCCATACCAGAAAGCCAAAAAGACAATCTTATAATAAGTCACTAGTG
1 7TRGS8ETRKPKROQS Y NEKS STLYV
TTTGTAGTTGGTGGCGGTAACTACCTAGAATATCAAAACCTCCAAGAATGGGCACATTCC
FVVGGGMNZYLTETYOQNTLAOQTETWATHES
CAGTTGCATAATCCCAARRAAGTCATGTATGGTAGEACAGCCATTACCACACCAGETGAA
QL ENPXKKVYVMYGSTATITTPATL
TTCTTAAATGAGATTTCTCGCCTTGGCGCAAGTAATAGCAGCAACARCGATGCATAATTG
FLXEISRLGASNSSNDNDA?®
GCATCTAGCCCCAATGACGATACACTAATATATATATATATATATATATATATATATCTG
CAAGAAATAAGCGTGTGTAGTAAGTAAAAGGAAAAATAGAAATTTT TGCTCAAAAATAAC
GGTCCCATTTTGATACAATGTTTTTGGTTTAGTGAT TTGCGTAATATTTATTTTTATTTA
TGAAATGTGCTTTAGGCTTTCTTCACTGTTACAAATAATTTGCGGAAGTTTCTAAAATCT
TTGTTEACCTTTTGGCATCCAAAAACAGCARTTTGGCTTCATTAACGTCATTAACAACAA
TTTCCTTACGATTGCTTGTTTGTGCTAGGATACCACATGGTGCCAATAATTGTARAGCGT
AACGTAACGAAGTTTCTGTACCCATCGTGGCTARRAGGTCCAATGEGCTACTTTCTACTT
GCAATCTTTCAACGGTAGCTCTTCTE TCTATAATGETACGGATCTCGTCCTTGTCATATG
GTAATGTACGAACAATTARCAATGTATCGAT
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bp 1581 1696 1611

ATC TAT GGC TTA ACT [JAA GGC AAA TTA CAA GGA SLYr-20
Y 6 t T G kK L o @
ATC TAT GGC TTA ACT [llAA GGC AAA TTACAAGGA SLY7(wt)
1 Y 6 L T G kK L o @

ss 527 532 637

FIG. 2. Nucleotide and deduced amino acid sequences of the
SLYI-20 gene. (A) Nucleotide sequence of the complete insert of the
original isolate, YCpS50-SLY1/5. Bold numbers refer to amino acids
starting with the first methionine in the open reading frame. A,
Potential N-glycosylation site. (B) Comparison of the SLY-20 and
SLYI(wt) sequences around codon 532, showing the single amino
acid (aa) substitution in SLYI-20. (C) Repeated structure of Slylp,
identified by using the REPEAT program of the University of
Wisconsin Genetics Computer Group package. Conserved and
identical amino acid residues are on dark background; identical
amino acids are in boldface.

suppressor on a centromere plasmid which segregates inde-
pendently from the YPTI locus.

The final proof that the correct clone for the suppressor
gene was obtained came from the ability of the cloned DNA
to direct plasmid integration at the chromosomal SLYI
locus. For this purpose, plasmid YCpSLU-SLY1/5 was
modified by deleting CEN4 and URA3 sequences to create
YRpSL-SLY1/5. This plasmid was cleaved at its unique
Pvull site within the cloned sequence to direct integration to
the homologous chromosomal site in a leu2 strain carrying
the GAL10-YPTI fusion gene (strain HLR3). As revealed by
sequence analysis (see below), the Pvull site is close to the
SLYI-20 mutation so that this mutation could be easily lost
during repair of the double-strand break (68). In fact, several
Leu* transformants were obtained that did not grow on
glucose, showing that they still contained the SLYI(wt)
allele. To test linkage of the LEU2 sequence to the SLY1(wt)
allele, one of these transformants (INT1) was crossed to a
SLYI1-20 leu2 strain (LSL20-1A) and subjected to tetrad
analysis. All of the 46 spores derived (10 complete tetrads
and 2 with three viable spores) were either SLYI(wt) and
Leu* or SLYI-20 and Leu~. This finding is clear evidence
for the site of integration being at or closely linked to the
SLYI locus, and it suggests that the cloned sequence is the
SLYI-20 allele.

Cloning of the SLY1(wt) allele. The repair of the double-
strand break of Pvull-cleaved plasmid YRpSL-SLY1/5 was
also used to clone SLYI(wt). This plasmid can either inte-
grate into the genome or replicate autonomously in yeast
cells as a result of the presence of the ARSI sequences. As
repair intermediates can be resolved without plasmid inte-
gration into the genome, free YRpSL-SLY1/5 plasmids are
released. This type of transformant grows slowly on minimal
medium lacking leucine, since ARSI-containing plasmids are
poorly transmitted to daughter cells (44). Transformants of
Glu~ phenotype were assumed to contain plasmids carrying
the SLYI(wt) gene. The SLYI(wt) gene contained in YRpSL-
SLY1/5*" from such a slow-growing Glu™ transformant was
sequenced and found to differ in only one nucleotide from
the sequence of the SLYI-20 mutant gene (G instead of A in
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FIG. 3. Detection of specific transcripts of SLYI, SLY2, SLYI2,
and SLY4I. Total cellular RNA was glyoxylated, 10 g per lane was
separated on 1.5% agarose gels, and mRNAs were hybridized with
32p.labeled DNA fragments. To identify SLY! (A) and SLYI2 and
SLY41 (B) transcripts, the same DNA fragments were used that are
indicated as probes for Southern blot analysis shown in Fig. 4, 11,
and 12, respectively. The SLY2-specific probe was an Aarll frag-
ment ranging from 186 bp 5’ of the translation start to 4 bp 3’ of the
stop codon. Sizes of marker fragments (in kilobases) are shown on
the left.

the first position of codon 532 of the 1,998-bp open reading
frame).

The wild-type SLYI gene was also isolated from a subge-
nomic library constructed with HindIII fragments (7 to 9 kb)
of wild-type yeast DNA and vector YCpS0. The gene was
identified and cloned on a HindIII fragment of about 8 kb by
hybridization to a 32P-labeled probe of the SLY/-20 mutant
gene. The recombinant plasmid YCp50-SLY1(wt) contained
the entire 1,998-bp open reading frame and flanking se-
quences. Sequence analysis showed the same single base
difference within codon 532 (compared with SLYI-20) as
SLYI(wt) derived from YRpSL-SLY1/5%".

It should be noted that SLYI(wt) overexpressed from a
multicopy vector was unable to suppress the loss of YPTI
function, whereas SLYI-20 either on a plasmid or integrated
into the genome could rescue cells lacking Yptlp.

Sequences of SLY1(wf) and SLY1-20 genes and their protein
products. As mentioned above, dideoxy sequencing of the
3.1-kb DNA insert contained in YCp50-SLY1/S revealed a
long open reading frame of 1,998 bases (Fig. 2A). Deletions
within the cloned sequence extending into this reading frame
eliminated ypt]/ ~-complementing activity. Assuming that the
first AUG of this reading frame is the translation initiation
codon, the SLYI-20 mutant gene would encode a protein of
666 amino acids. Sequence comparison of the wild-type and
mutant genes disclosed only one nucleotide difference (G-
to-A transition) which would result in a substitution of lysine
for glutamic acid in position 532 of the Slyl-20 mutant
protein (Fig. 2B).

Slylp is a hydrophilic protein with a total of 25% charged
amino acids that are evenly distributed over the entire length
of the protein. There are no hydrophobic regions long
enough to predict a membrane-spanning domain. The pro-
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FIG. 4. Disruption of the SLY! gene. (A) The SLYI gene was
interrupted by inserting a 2.2-kb Hpal fragment carrying the LEU2
gene as a selectable marker into the Hpal site of the SLYI coding
region. The linear 4.3-kb Spel fragment carrying the disrupted SLY!
gene was used to transform a diploid Leu™ strain. Transformants
with a wild-type SLYI gene on one chromosome and the disrupted
SLYI gene on the other were identified by Southern blot analysis
and used for sporulation and tetrad dissection. The 0.8-kb Bglll
fragment used for Southern blot hybridization. (B) Southern blot
analysis of a diploid strain with one disrupted SLY1 allele. Chromo-
somal DNAs from the untransformed Leu~ diploid strain (lanes
(lanes a) and from a Leu™ transformant (lanes b) were digested with
Pvull or EcoRl and probed with the 32P-labeled 0.8-kb BgllI
fragment. The appearance of a 7.2-kb Pvull fragment and a 4.5-kb
EcoRI fragment (lanes b) indicates correct integration and disrup-
tion of one SLY1 allele. The sizes of marker fragments (in kilobases)
are shown on the left. (C) Tetrad analysis of the slyl ~/SLYI1™* diploid
strain analyzed in panel B, showing that only two (SLYI*) spores
form colonies.

tein has 14 potential N-glycosylation sites (marked in Fig.
2A) and four internal repeats of about 40 amino acids (Fig.
2C). Neither these repeats nor any other region of Slylp
exhibits significant homology to proteins listed in available
data banks.

SLY1 encodes an essential function. When a BglII fragment
ranging from nucleotides 258 to 1294 of the SLYI protein-
coding region was used as a hybridization probe in a RNA
blot analysis, a unique 2.2-kb RNA was detected in growing
yeast cells (Fig. 3A). To determine whether the gene coded
for an essential function, the chromosomal SLY! allele was
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GGATCCCCTTTACTTCTTCATTTAGCGATGATACCTTCAAACAAAGACACCATTT -646
AAAGAGGCCAATGATTTGCTTGAAGAACAACTCTTTAAGATCGCTCACTGTCAAAATCAT -586
ACGTATTGAAARATGTTCATCCATCEGAATCCAGGGATTTTACCTACCARATCTGEAGGA  -526
ACTGTTCATCAACAATACCCTTTGCGACACCACCCAACACCAAMAACAAGCGTCAAATGA -466
TATGAGTTGTATAGAGTTCACTTCATGGAATGAACTACCACAATGCAAGARATTGGGATT -406
TGCTCAATTAGAGGACGACTCTAACTACGTTCTTAATATCAGTAACCTACAAGACCATTT -346
ACCAAATCTGGACCTGCGGGAGAGTTTCCCAACTTTCTTCGATATAAGACAGAAGTTTGT -286
CGTGGTTTGAGGTCTAATTTTCAACCARACGTGTTGTACTAGCATATATAATTARATAAA  -226
TTTCTCTAGTTATCACTTGATTTATCTAATAAGAGACGTCATAAACGARTTTTTTITTAG -166
CAATAAATCCTCAACGCTTTTTGTTTTCATTTTTCGGTCTTTTTCTACCATAGAAGATAA  -106
ACAAGTAGAGCCCATGTAATATAATATATCTACAACCTATTATTACCCAAAACCAACARA  -46

AACCCTGACAGTGACACCCCGTTACACACTCACAATTAAGTAGGGATGATAAAGTCAACA 15
I K8 T s

c-rni-cncacz\caimuccccrc(:c-rc'rncnécrcmccz\éuccamrémccc 75
E G L P crTs o

TCATTATTTGMCMMGCMGGTGAAAATCGTCGTTTCCAGATTGACACCACAGTCT 135
8 L FrEQKQXKXVIEKTIUV 8 R L TP Q 8 45

GCCACGGAGGCTACT TTGGARAGTGGCTCCTTTGAGATCCATTATTTGAAGARATCCATG 195
A TEATLTZE S G S FreiIasgyzyy:uww§H XxHXKSQ SN [1]

GTGTACTACTTCGTCATTTGCGAATCTGGATACCCAAGARACTTAGCATTCTCATACCTT 255
VYYFrVICTE Y P R M LAT S Y L 8s

AACGATATAGCGCAAGAATTTGAACACTCATTTGCTAATGAGTACCCCAAGCCTACCGTA 315
M DIAQETPFTTETHEHRSTEADNTETTYTZPIKTPTV 108

AcacéAnccacn'isrmc'rr'réa'rucrnchcacucacwncrcahcm'r 375
1 4 Q Q 8

128

GATMGMAG'I‘TCAGGACAATTTGGACCMCTAMCCMGAGCTTGTAGGTGTCMGCM 435
Q D QL ¥ Q [] Q 145
ATCATGTCCMGMCATCGAAGACCTACTTTACAéGGGAGATTCTCTCGATMAATGAGT 495
I 8 L G D 8 s 168

GACATGAGTTCT‘I‘C1‘TTGAMGAMCATCCMGGTACAGMAGTCCGCGCAMAGATC 555
D L K ET S8 KR YRIK S AQKTI 188

MC'I'TCGATC‘l'CTTéA‘l‘CAG‘l‘CMTATGCTCCTATTGTCATTGTCGCT‘I‘TCTTT‘I‘TCG‘I‘C 615
¥ r DL 8§ Q Y AP I VI rrory

208
1‘1‘TCTCTTCTGGTGGATCTTCCTCMATAGACGTCACCCCATCATCCCACATCACAMTC 675
F L T WWwWITUPULK 214

CCGATCAATTTGGTCCAAGTGTATAACATAGTCTAGTTCAGTATTAGTATAGTATGGCAR 735
TTTATTTGACATAAT TACGTATTTTTCAGGCAAGCTGGCAGGTGACCCGCCGCACCTGCA 795
TCTTTTCA TATCATCACTATATATCGAAGGAAAAGAGGCTTTCC 855
AACTCTTTTGGATGATCGAATTGCCATCACTACTCTATTAACTGTCTGTGTATTAACTAA 915
ATAATCACATAGTATTAAGTTATAATTCCTGGAAAAAAAAAGAAAGCGAAACGACAAART 975
TAGCATATACCATGTCTCAACTGCGAACAGATTTTGCTTCATTGATCAAGAGATTCCAAT 1035
TTGTTAGTGTCCTCGATTCCAACCCTCARACCARAGTTATGTCCTTATTGGGARCCATTG 1095
ACAACAAGGATGCTATTATCACGGCTGAAAAGACGCACTTTCTATTTGACGAAAGCGTGA 1155
GAAGACCCTCTCAAGATGGCCGCTECACTCCAGTTTTATATAATTGTGAAAACGAATATT 1215
CTTGCATCAACGGAATTCAGGAATTAAAGGAGATTACTTCCAATGATATTTACTACTGGG 1275
GTTTGTCAGTGATAAAGCAG 1295

CTTTTT

FIG. 5. Nucleotide and deduced amino acid sequences of the
SLY2 gene.

disrupted by insertion of the LEU2 marker gene into the
Hpal site at codon 390. A linear 4.3-kb Spel fragment with
part of the interrupted SLY/ coding region was used to
transform a homozygous Leu™ diploid strain and replace one
chromosomal SLYI gene with the disrupted allele (Fig. 4A).
Southern analysis of several Leu™ transformants confirmed
the integration of the LEU2 marker at the SLY! locus (Fig.
4B). Each of 10 tetrads derived from such a transformant
gave rise to only two viable spores (Fig. 4C), all of them
Leu™. Microscopic inspection of the other spores carrying
the disrupted SLYI allele showed that they were unable to
divide, indicating that an intact SLY/ gene is essential for
cell viability.

Isolation of multicopy suppressors of YPT1 deletion. Multi-
copy suppressors of essential genes often exhibit a similar
function or act in the same pathway as the gene they are able
to suppress. In searching for suppressors of the loss of YPTI
function, a genomic library with partially Sau3A-digested
DNA of a SLYI-20 yptl ~ strain and the multicopy vector
YEp13 (13) was constructed and used to transform a haploid
strain whose chromosomal YPTI gene was under GALIO
promoter control. Recombinant plasmids were retrieved
from several transformants growing in glucose-containing
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medium and subjected to restriction analysis. Among 11
different plasmids, 7 seemed to contain distinguishable
yptl ~-suppressing sequences that were designated SLY2,
SLY3, SLY6, SLYI2, SLYI13, SLY41, and SLY44. SLY44
was found to be identical with the GAL4 gene (38) by
restriction enzyme mapping. The isolation of GAL4 by the
suppressor selection procedure chosen was not surprising,
as constitutive expression of GALI-GALI0-regulated genes
is known to result from overexpression of the transcriptional
activator (32). SLY44/GAL4 proved to be the only of the
seven multicopy suppressors allowing cellular growth at
37°C in glucose-containing medium (YPT! gene switched
off). Transformants overexpressing SLY2, SLY3, SLY6,
SLYI2,SLY13, and SLY41 were Ts~ on this medium, similar
to the SLYI-20 mutant.

A more stringent test for YPTI independence of the newly
discovered suppressors was performed by analyzing their
suppressing capacity in a YPTI deletion strain. The diploid
strain DAH430H (YPTI/yptl::HIS3) was transformed with
the recombinant plasmids containing the different multicopy
suppressors, Leu™ transformants were sporulated, and tet-
rads were dissected. Since YPTI deletion is lethal, no His*
colonies were generated from spores of untransformed
DAH430H. In contrast, a small number of slowly growing
His*/Leu* colonies (one to six per 10 tetrads) grew out of
spores derived from SLY2-, SLY12-, and SLY41-transformed
diploids on rich medium. Their His*/Leu™* phenotype indi-
cated that they contained the YPTI deletion and were

CCCCATGGTGTTTACTCTGTGATAGGAACCAAAGATCCCGTAATTATCGCTTTGTAATTG  -386
TATTTCCAGTTATTTCTGTACATTCTAGGTTACTGTTCAGGGATATGTTTCACTCTTATC  -326
GATGTGGCGTGCAAARAATTTGAAGGGGCGACATATCAGGGAAAGTATTAGTGATTTTTT -266
ATAATGTTGCACTATCTCAGATGAAATTTATGCATGCTAATTGGCGGATACTACTCTACC -206
GTTGTTGCAAGCTACGTAGGAACGTTCACGGCTCTT TCTTCCATTAATTTTAAATTGCGA  -146
AAGTATCCAGTAGTTGTTAAARATGGAGTTTTTTCAACTCGCGCCTTTTGCCAAGGAATG  -86
GTAGAAAACARACAGTAGTTCACTTGAGACTGTGAATGTGTTAGAAAATCGTGATTGAAG  -26
AGCCTéACMCAcnf’sccnc:ucmi:cAgngA&gmacmrrArrAaA'crArrc 35

TAAAGTTAGAGTAGCGCTTTTTGTTAAACATCTACCATAACACCTCGATATTGGGAGTTA 95
TTGACCACGAGTGAACTTCGTTIACTAACTATAGEGTGTGTATATAGATTTGCAGGGGGA 155
F AGG 8

AACGCTTATCAACGTGATACTGGTAGAACACAGTTATTCGGACCGGCTGATGGATCAAAT 215
N [

A Y Q RDT R TQULT D G 8 N 28
AGTCTCGATGACAATGTATCATCAGCGCTAGGGAGCACAGATAMTTAGACTACTCCCAA 275
s N 8§ 8 AL G S TDIKILDY S Q 48
AGTACTTTGGCATCTCTTGMTCTCAMGTGAGGAACAGATGGGAGCTA‘I‘GGGTCAGAGA 335
T L A S LZE S QS Q L Q R 68
ATAAMGCACTCMéTCATTATCG1‘TGMGATGGGTGATGAGATTAGAGGCAGCMTCM 395
I K 8 L L KM GDTZETIRGSS Q 88
ACTATTGACCAGCTTGGTGATACTTTCCATMCACTTCTGTMAACTCAMAGGACTTTT 455
T I DQLGDTT IFRZHR v K K R T T 108

GGAMCATGATGGAGATGGCCAGMGATCTGGGATCAGTATMAMCATGGT‘I‘MTMTA 515
G M M A RR S G I S I KT WILTITI 128

TTTTITATGGTAGGCGTGCTATTTI TTTGGGTATGGATTACATAAATATTTGCATATTGT 575
FF MV GV LTFTF WVW¥WIT 142

ACATTAAACCTAAGTACAAAATAAGAGCGACGTTTGTTAGATGATTGTAGATATIGATAC 635
GTGAAATAAAGGATAGTTATGATAGCATCATAAGATATCAGCATTCTTTTATTTITATAA 695
CTACTTAAGCGTTTAATCTTGATTTTTTTTTTTCTCCATATTTCCTAGGATACCGACAGC 755
GTTCCTTTTCGCCCTATAGTGTTTCCTTACTTTGTATCTTCTGTAAATAGATGGACCTTT 815
GAGTATTGCGATAAACAAARCAATAACAATTAAGTAACCGGGCATGCGTTCCCGTGGATT 875
ATGTCTAGGAAACTG TTATGGAAT! AATTTATCAATCTCCCCTTCAACTTA 935
GAGCTGTATAGAGCTTTTGATGGAATATTTAAGGACACGAATGCTTCTCTCAGCAATTGA 995
GGGTTGTTAGAAGTCAAGGAGTTGCCAAAATTATCTTTATTGTAGTAGTAATTATTTGAT 1055
TTATCAATGATAATCACATCACCAATTTTATATTCTCCAGTAATACCATATTTTCTAARA 1115
ARATTCTTCTCCTTTGAAATATCTAAATATCCTAATAACAATTTTTTTTGATCCATATGG 1175
GGAATCTCTTCACGCATTTTATCAACAATTTTGTTAGCCGGAGCCTTTTTTTCCTTTATT 1235
TTCTTGATCCCGTCTGCTTTCCTTGCCCTTCTCTCATTAATTTCTTCGAAGTTATTTTCC 1295
ATCCGAATATGTTCATACTCCCAACTTGCGAGGAGCAAGTTTTTAAT 1342
FIG. 6. Nucleotide and deduced amino acid sequences of the

SLYI2 gene. The splicing consensus sequences of the intron are
underlined.
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FIG. 7. Sequence comparison of yeast Sly2p and Slyl2p and
synaptobrevins from higher eucaryotes. (A) Comparison of amino
acid sequences of Sly2p and Sly12p. Identities (bold) and favored
substitutions are highlighted by shaded boxes. The C-terminal
hydrophobic regions are boxed. The regular spacing of tyrosine and
phenylalanine residues in the central region of Sly2p are indicated
by large bold letters. (B) Alignment of c-terminal regions of Sly2p
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dependent on the recombinant plasmids carrying the LEU2
marker gene. The small number of His*/Leu™ colonies
might be explained by an unequal transmission of plasmids
to different spores during meiosis if one assumes that a
certain number of vectors containing the suppressor genes is
required to allow growth of the ypt/~ spores.

To confirm that SLY2, SLYI2, and SLY4] are multicopy
suppressors, the cloned sequences harboring the suppress-
ing activity were either cloned into the single-copy vector
YCpS50 (SLY2 and SLYI2) to transform a GALI10-YPTI
haploid strain or duplicated in the genome (SLY41) through
integration of a recombinant vector lacking the 2.m origin of
replication (for details, see Materials and Methods). None of
the Leu* transformants survived the shutdown of YPTI
transcription on glucose medium. This result proved that the
three genes are indeed multicopy suppressors. SLY3, SLYS6,
and SLYI3, which were unable to suppress the deletion of
YPTI, were not analyzed further.

SLY2 and SLY12 encode related proteins similar in structure
to synaptobrevin. Deletion analysis of the cloned DNA
fragments contained in YEp13-SLY2, YEp13-SLY12, and
YEp13-SLY41 established that the suppressor activities
were confined to rather short regions, a 1.5-kb BamHI-
EcoRV fragment (SLY2), a 1.8-kb Ncol-HindIIl fragment
(SLYI12), and a 1.6-kb HindIll-Sau3A fragment (SLY4I).
These or longer fragments were subjected to sequence
analysis. In the case of SLY2, the longest open reading frame
indicated a protein of 214 amino acids (Fig. S). This pre-
dicted reading frame correlates well with the 0.9-kb SLY2
mRNA (Fig. 3B) if one allows for about 200 nucleotides of
untranslated sequence.

The nucleotide sequence of SLYI2 (Fig. 6) revealed the
presence of a 131-bp intron interrupting the fourth codon.
The intron was predicted from the highly conserved yeast
splice site sequences, GTATGT at the 5’ and TAG at the 3’
splice junction, and the branchpoint TACTAAC sequence
near the 3’ splice site (22, 36, 37). The predicted 5’ splice site
sequence of the SLYI2 intron, GTATGA, deviates by one
nucleotide from the more typical GTATGT sequence, but
there is at least one other yeast gene, S10-2 (39), that has the
same GTATGA donor sequence. As no other typical 5’
splice site sequence was found up to the Ncol restriction site
(position —442; Fig. 6) and introns typically interrupt S.
cerevisiae protein-coding regions within the first few codons
(22), the predicted intron size and location must be correct.
According to the DNA sequence, the SLYI2 gene encodes a
protein of 142 amino acids. This size is compatible with the
length of the SLYI2 mRNA, which by RNA blot analysis
was shown to be 0.6 kb long (Fig. 3B).

An alignment of Sly2p and Sly12p sequences is shown in
Fig. 7A. At their C termini, both proteins contain a highly
hydrophobic stretch of more than 20 amino acids rich in
aromatic amino acids, which is followed by only one polar or
charged residue. Slyl12p shares other sequence similarities
with Sly2p besides the hydrophobic C terminus. Between

and Sly12p with the corresponding regions of synaptobrevins from
Drosophila head (Dro.) and bovine brain (bov.) (66). Only those
amino acid (aa) residues are highlighted that are conserved or
identical (bold) between at least one Sly protein and one of the
synaptobrevins. The hydrophobic C-terminal regions are boxed. (C)
Helical wheel analysis of portions of Sly2p and bovine synaptobre-
vin. In each case, two consecutive segments are displayed (see
numbers within the schematic a helix). The idealized a helix is
drawn according to the conventions given by Landschulz et al. (35).
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FIG. 8. Nucleotide sequence of the SLY4/ gene and comparison
of Sly41p with the phosphate translocator of spinach chloroplasts.
(A) Nucleotide sequence of the 1.6-kb HindIII-Sau3A fragment that
carries the suppressor function. (B) Comparison of three regions of
Sly4lp and the phosphate translocator from spinach chloroplasts
(20) that display the highest degree of homology (regions 1, 2, and 3
indicated in Fig. 9).
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two of these regions, there is a 74-residue-long gap at
position 62 of Sly12p. The domain, present only in Sly2p, is
very unusual in having either tyrosyl or phenylalanyl resi-
dues in every eighth position.

Notably, the primary structures of Sly2p and Slyl2p
resemble that of VAMP-1 from Torpedo electric lobe (76)
and synaptobrevin from bovine brain and Drosophila head
(67). These proteins are known to be integral membrane
proteins found in synaptic vesicles. The hydrophobic car-
boxy-terminal domain serves as a membrane anchor, with
the rest of the protein exposed to the cytoplasm (67, 76). The
highest degree of conservation between these proteins from
different species is found in a region of about 65 amino acids
which precedes the membrane-spanning domain (67). This
region is flanked by a group of basic amino acids, and it can
be readily aligned with the corresponding regions from Sly2p
and Sly12p. If these 52 amino acid residues are aligned as
shown in Fig. 7B, 30.8 or 32.6% identity, respectively, is
observed between Sly2p and synaptobrevin from either
bovine brain or Drosophila cells. The alignment of 47 amino
acids of the same region of Sly12p and the two synaptobre-
vins shows 21.3% identical residues. These domains may
have maintained the ability to form similar secondary struc-
tures. Secondary structure predictions (24) strongly suggest
that large parts of these domains exist in an a-helical
conformation. Helical wheel analysis (Fig. 7C) of these
domains reveals a nonrandom distribution of hydrophobic as
well as charged and polar amino acids around the putative
helices.

SLY41 encodes a protein related to the phosphate translo-
cator from chloroplasts. Sequence analysis of the 1.6-kb
HindIII-Sau3A fragment of YEp13-SLY41 containing the
suppressor of YPTI deletion disclosed a long open reading
frame for a very hydrophobic protein of 452 amino acids
(Fig. 8A). The predicted size of this protein is consistent
with the 1.6-kb transcript identified on Northern blots with a
32p_labeled fragment of the deduced SLY4! coding region
(Fig. 3B).

Four different regions of Sly41p give hydrophobicity val-
ues of more than 1.6 as determined according to Kyte and
Doolittle (34), using a window of 19 amino acids. Thus,
Sly41p may contain at least four transmembrane domains. If
a protein forms or is part of a channel embedded in the
membrane, it may also contain amphiphilic helices. A struc-
ture prediction analysis which uses an algorithm for plotting
the hydrophobicity along the side of putative a helices (31)
predicts that Sly4lp may indeed form nine membrane-
spanning « helices, two of them hydrophobic and seven
amphiphilic (data not shown). Corroborating these assump-
tions, the channel-forming phosphate translocator of spinach
chloroplasts (20) was the only protein detected by a comput-
er-assisted alignment that exhibits significant similarity with
the primary sequence of Sly4lp. Two different algorithms,
RDF2 (51) and one written by Argos (2), found three regions
of high similarity (standard deviations of up to 6); these
regions are indicated in the hydropathy profiles presented in
Fig. 9. A comparison of these sequences is shown in Fig. 8B.
Most remarkably, Lys-353 and Arg-354, which are thought
to be involved in substrate binding by the phosphate trans-
locator (79), correspond well with Lys-406 and Arg-407 in
Slydlp (Fig. 8B). These basic amino acids are located at
equivalent positions within similar amphipathic helices at a
distance of 45 to 50 amino acids from the C terminus.

SLY12 but not SLY2 or SLY4I is an essential gene. Since the
SLY genes were isolated by complementation of a defective
YPTI gene, their protein products might function in the same
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FIG. 9. Hydropathy profile of Sly41lp and the phosphate translo-
cator from spinach chloroplasts. Hydrophobicity of Sly41lp and the
phosphate translocator was determined according to Kyte and
Doolittle (34) with a window of 11. The relative positions of the three
regions displaying significant homologies, as determined according
to Argos (2), are indicated.

pathway as the GTP-binding protein. In a first attempt to
prove this, mutants were constructed with disruptions in the
multicopy suppressors. Different marker genes, HIS3,
LEU2, and URA3, were inserted into the coding regions of
SLY2, SLYI2, and SLY4l, respectively (Fig. 10 to 12).
Linear DNA fragments containing the disrupted genes were
used to transform diploids homozygous for either his3, leu2,
or ura3 defects. In each case, two representative transfor-
mants were shown by Southern blot analysis to have one
disrupted and one wild-type allele and were subjected to
sporulation. Tetrad analysis showed that insertion of the
URA3 gene into the middle of the SLY4Il coding region
(codon 208) had no effect on spore viability. Of 32 tetrads
dissected, 28 gave rise to four spores that formed colonies of
equal size. The severe truncation of Sly41p was without any
effect on cell viability, which suggests, but does not neces-
sarily prove, that this protein has no essential function.
Different results were obtained when SLY2 or SLYI2 was
inactivated. No viable spores carrying the LEU2 marker
inserted into codon 117 of the SLYI2 gene were obtained.
None of 37 tetrads dissected produced more than two viable
spores, and all of the 53 viable spores were Leu~; i.e., they
contained the wild-type SLYI2 allele. Microscopic inspec-
tion of the inviable spores showed that about 25% of them
had germinated but stopped dividing after not more than two
cell divisions. Thus, the SLYI2 gene may encode a function
that is essential for yeast vegetative growth. For the disrup-
tion of SLY2, 57 and 96 bp around the Ncol site at codon 64
were deleted by BAL 31 digestion before insertion of the
HIS3 marker into the protein-coding region. As the 5’
deletion endpoints differed by one base pair, truncated
proteins could be formed with the N-terminal 55 amino acids
of Sly2p fused to either 17 or 9 amino acids encoded by the
inserted DNA. In both cases, about 80% of the tetrads
derived from different transformants having one wild-type
and one disrupted SLY2 allele produced four viable spores.
After 2 days at 25°C, there was a clear 2:2 segregation in the
size of the colonies. The smaller colonies were always His*
and therefore carried the SLY2 disruption. They were also
strictly cold sensitive (Cs™), and about half of them were
thermosensitive (Ts™), as judged by their inability to grow
on plates at 15 and 37°C, respectively. The heterogeneity
with respect to the Ts™ phenotype of sly2~ cells might be
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FIG. 10. Disruption of the SLY2 gene. The HIS3 gene as a
selectable marker was inserted into the SLY2 coding region to
disrupt the SLY2 gene as described in Materials and Methods. A
linear 5.2-kb Smal-Sall fragment carrying the disrupted SLY2 gene
was used to transform a diploid his3/his3 strain (DAH430). (A) The
1.5-kb BamHI-EcoRV fragment used for Southern analysis. Rele-
vant restriction sites are indicated. (B) Southern blot analysis to
demonstrate the correct integration of the disrupted gene into one
chromosome. Chromosomal DNAs from the untransformed His™
diploid strain (lane 1), from the His™ transformant (lane 2), and from
the four spores derived from the His* transformant (lanes 2A to 2D)
were digested with EcoRI and probed with the 32P-labeled 1.5-kb
BamHI-EcoRV fragment. The hybridizing 4.3-kb fragment in lanes
2, 2B, and 2D indicates the correct integration and disruption of one
SLY?2 allele. The sizes of marker fragments (in kilobases) are shown
on the left.

explained by the fact that the diploid strain used for trans-
formation was not absolutely isogenic and contained a
modifier gene determining this phenotype of some
sly2::HIS3 haploids. To prove this, a Cs™/Ts~ spore
(sly2::HIS3) was crossed to a wild-type spore (SLY2) having
a Ts™ background, as inferred from the Ts* phenotype of the
two Cs™ spores within the same tetrad. The wild-type strain
used in this cross was derived from a tetrad containing two
Cs™ spores that were not Ts~. Assuming that the modifier
gene segregates in a 2:2 fashion, this strain should carry the
allele causing heat sensitivity of SLY2-disrupted cells. The
resulting diploid gave rise to sly2::HIS3 spores that, without
exception, were Cs~ and Ts™.

DISCUSSION

We have isolated four genes able to suppress the deletion
of YPTI, an essential yeast gene encoding a small GTP-
binding protein. Three of the genes identified are multicopy
suppressors (SLY2, SLYI2, and SLY41I), while the SLYI-20
mutant allele exerts its suppressing activity when present in
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FIG. 11. Disruption of the SLYI2 gene. The SLYI2 gene was
interrupted by insertion of a 3.0-kb Bgl/II fragment carrying the
LEU?2 gene as a selectable marker into the Bgl/II site of the SLYI2
coding region. The linear 4.8-kb HindIII-Ncol fragment carrying the
disrupted SLYI2 gene was used to transform a diploid Leu™ strain.
Transformants with a wild-type SLYI2 gene on one chromosome
and a disrupted SLYI2 gene on the other were identified by Southern
blot analysis. (A) Relevant restriction sites and the 0.83-kb Syl
fragment used as hybridization probe for Southern blot analysis. (B)
Southern blot analysis. Chromosomal DNAs from the untrans-
formed Leu™ diploid strain (lane a) and from two Leu* transfor-
mants (lanes b and c) were digested with Clal and HindIII and
probed with the 32P-labeled 0.83-kb Styl fragment. The appearance
of the additional hybridizing 2.8-kb fragment indicates correct
integration and disruption of one SLYI2 allele. The sizes of marker
fragments (in kilobases) are shown on the right.

only one copy. From a published restriction map of a cloned
DNA fragment carrying the BETI gene, whose protein
product acts in the ER-to-Golgi transport (48), it seems
possible that BETI and SLYI2 are identical genes.

The selection of genes suppressing the deletion instead of
point mutations of an essential gene has certain advantages.
It precludes the isolation of intragenic suppressors and
suppressors that simply act by altering the expression of the
mutant gene or the processing, stability, or translational
efficiency of its transcription product. Both the suppression
of a deletion and the suppression by overproduction are
indicative of a suppressor gene that either replaces the
deleted gene in the same pathway or else induces a pathway
that bypasses the need for the deleted gene. Other investi-
gators have shown that in yeast cells, the suppression of a
deletion (15) as well as multicopy suppression (for review,
see reference 7) can be due to genes that are functionally
related to the defective gene. Interestingly, four yeast genes
encoding small GTP-binding proteins, SEC4 (57), SARI (47),
RSRI (7), and CDC42 (7), have been identified as multicopy
suppressors whose protein products are structurally unre-
lated to those of the genes they suppress. Similarly, func-
tional relatedness but totally different primary structures are
now observed in the case of Yptlp and the SLY gene
products that can compensate for the complete loss of the
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FIG. 12. Disruption of the SLY41 gene. The SLY4] gene was
interrupted by insertion of a 1.2-kb HindlIII fragment carrying the
URA3 gene as a selectable marker into the Xbal site of the SLY41
coding region. The linear 2.7-kb HindIII-Nhel fragment was used to
transform a diploid Ura™ strain. (A) Relevant restriction sites and
the 1.4-kb Haelll-Scal fragment used for Southern blots. (B)
Southern blot analysis. Chromosomal DNAs from the untrans-
formed Ura~ diploid strain (lane a) and from two Ura* transfor-
mants (lanes b and c) were digested with Scal. The appearance of
the two additional hybridizing 1.6- and 1.3-kb fragments indicates
correct integration and disruption of one SLY4I allele. The sizes of
marker fragments (in kilobases) are shown on the left.

GTP-binding protein. In particular, sequence motifs typical
for GTP-binding proteins are absent from the different Sly
proteins. Sly2p, Slyl12p, and Sly4lp may be integral mem-
brane proteins of either ER, Golgi, or vesicular structures,
cellular compartments involved in the functioning of Yptlp
(4, 60, 63). Evidence for membrane localization has been
obtained for Sly2p (49a).

How can one rationalize that overexpression of a gene
complements the deletion of an essential gene encoding a
protein with totally unrelated primary structure? This kind of
genetic complementation is often found in signal transmis-
sion pathways, in which a defect of an essential protein can
be suppressed by overexpression of a downstream element.
For example, a functional adenyly! cyclase is dispensable in
yeast cells overexpressing different cyclic AMP-dependent
protein kinases (72). In contrast, proteins like Yptlp and
Secdp are thought to act in unidirectional vesicle transport
(26, 63), in which the transport cycle is regulated by the
switch from a GDP- to a GTP-bound form. As was first
pointed out by Bourne (11), the role of these proteins might
be analogous to that played by the elongation factor EF-Tu,
a GTP-binding protein that increases translational accuracy
(71). According to this hypothesis, Yptlp in its GTP-bound
state would bind to a protein on the vesicle surface and,
simultaneously, to a docking protein on the target mem-
brane. GTP hydrolysis and release of the GDP-bound pro-
tein would follow after vesicle docking to the correct target
membrane.
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Speculating along this line, one might envisage that spe-
cific vesicle surface or target membrane proteins used for
vesicle docking are usually limiting, so that vesicle attach-
ment to the acceptor membrane would be a rather inefficient
process in the absence of the GTP-binding protein. Under
conditions of an excess of either of these membrane compo-
nents, the efficiency of vesicle docking might be increased
such that the rate of protein transport would be sufficient to
allow cell viability in the absence of Yptlp. This may be the
mechanism by which the multicopy suppressors SLY2 and
SLYI2 act. It is possible that the SLY2 and SLYI2 genes
code for vesicle-specific surface or docking proteins, since
they contain domains with a degree of hydrophobicity that is
sufficient to span a membrane. As noted above, Sly2p and
Sly12p may be able to assume a secondary structure similar
to that of the VAMP-1/synaptobrevin proteins from higher
eucaryotes in a region preceding the C-terminal hydrophobic
transmembrane region. If, indeed, parts of these domains
exist in an a-helical conformation, hydrophobic residues will
always be limited to a very thin ridge on one face of the helix
(Fig. 7C). This structure would enable these proteins to form
dimers composed of identical or different subunits (35). The
a-helical regions may form long and flexible coiled-coil
structures which expose the N-terminal domain of the pro-
tein (possibly a true receptor domain) in some distance from
the surface of the membrane.

The single-copy suppressor SLY1-20 may encode a protein
acting downstream of Yptlp. In contrast to the multicopy
suppressors, the SLY! gene must carry a specific point
mutation in order to complement the loss of Yptlp. Overex-
pression of the wild-type SLY!I allele has no equivalent
effect. Therefore, the protein encoded by the SLY/-20 mu-
tant gene may exist in a specific conformation which the
wild-type protein can adopt only after a conformational
change is induced, perhaps in a complex with Yptlp. A more
trivial explanation would be the activation by SLYI-20 of a
parallel pathway substituting for the Yptlp-requiring one.
There is evidence, however, that Slylp itself is required for
the ER-to-Golgi transport (49a). Slylp does not exhibit a
significant hydrophobic character. This is not unusual, since
most of the cloned and sequenced SEC genes in yeast cells,
SEC2 (45), SEC7 (1), SECI14 (5), SECI15 (56), SECI8 (19),
SEC23 (29), and SEC53 (8), code for cytosolic factors that
most likely are only transiently associated with membranes
through the interaction with other proteins. Only three of the
characterized SEC genes, SECI1 (10), SECI2 (46), and
SECS59 (9), are known to code for integral membrane pro-
teins. Yptlp and Secdp, on the other hand, are bound to
membranes through their C-terminally located cysteine res-
idues, which in the case of Yptlp have been shown to be
modified by lipidation (43, 78).

The mechanism by which the SL Y41 gene product may act
is certainly different from that of the other suppressors. The
sequence similarity of Sly41p with the phosphate transloca-
tor from spinach or pea chloroplasts (20, 79) might suggest
that SLY41 codes for a channel protein which could trans-
locate ions or metabolites across intracellular membranes. It
is known that particular ypt/ defects can be suppressed
either by adding Ca2* to the growth medium (60) or by
defects in the Ca?* ATPase (Pmrlp) which may sequester
cytosolic Ca%* into a storage compartment or into a com-
partment of the secretory pathway (54). This suppression
seems to be rather nonspecific, since cell-free transport
showed that Ca2* addition could not restore protein trans-
port in extracts from ypt! mutants (3) and that the Yptlp-
requiring step precedes the calcium-dependent one (4). Nev-
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ertheless, a defect in the transport of Ca’* into specific
membrane compartments or an increase in the phosphate
release from such compartments seems to have comparable
effects on yptl defects. In contrast to pmrl mutations,
however, which can suppress only the cold-sensitive ypzl-1
mutant (54), Sly4lp overproduction can suppress the dele-
tion of YPTI. Moreover, the suppression by Sly41p overpro-
duction is specific for yptl defects, while the other yptl~
suppressors can also improve the growth of certain sec
mutants at their restrictive temperatures (49a). Unfortu-
nately, the sly41~ cells are viable and show no particular
phenotype when tested under different growth conditions.
Therefore, the analysis of mutants may fail to determine the
normal function of this gene.

SLYI, SLYI2, and SLY2 either are essential for cell
viability or confer conditional lethality. This characteristic
makes it possible not only to analyze the mode of their
yptl~-complementing activity but also to determine the
normal cellular functions of these genes.
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