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Mutations in the SSN6 gene suppress the invertase derepression defect caused by a lesion in the SNF1 protein
kinase gene. We cloned the SSN6 gene of Saccharomyces cerevisiae and identified its 3.3-kilobase poly(A)-
containing RNA. Disruption of the gene caused phenotypes similar to, but more severe than, those caused by
missense mutations: high-level constitutivity for invertase, clumpiness, temperature-sensitive growth, a-
specific mating defects, and failure of homozygous diploids to sporulate. In contrast, the presence of multiple
copies of SSN6 interfered with derepression of invertase. An ssn6 mutation was also shown to cause
glucose-insensitive expression of a GAL10-lacZ fusion and maltase. The mating defects of MAT«a ssn6 strains
were associated with production of two a-specific products, a-factor and barrier, and reduced levels of a-factor;
no deficiency of MATo2 RNA was detected. We showed that ssn6 partially restored invertase expression in a
cyrl-2 mutant, although ssn6 was clearly not epistatic to cyrl/-2. We also determined the nucleotide sequence
of SSN6, which is predicted to encode a 107-kilodalton protein with stretches of polyglutamine and
poly(glutamine-alanine). Possible functions of the SSN6 product are discussed.

The SNF1 gene of Saccharomyces cerevisiae encodes a
protein kinase that is required for derepression of many
glucose-repressible genes, including the SUC2 (invertase)
gene (5, 8). Mutations in the SSN6 gene have been isolated
as suppressors of the invertase derepression defect in a snfl
mutant (6). The ssn6 mutations were found to cause high-
level constitutive (glucose-insensitive) invertase synthesis in
both snfl and wild-type (SNFI) genetic backgrounds. These
findings suggested that SSN6 is a negative regulator of SUC2
and may be a substrate of the SNFI protein kinase. The
pleiotropic phenotypes of ssn6 mutants indicated that SSN6
also affects expression of other genes; the mutants exhibited
extreme clumpiness, a-specific mating defects, and a failure
to sporulate as homozygous diploids (6). Genetic mapping
has led to the finding that ssn6 is allelic to cyc8, a mutation
that causes overproduction of iso-2-cytochrome ¢ (34). Ad-
ditional cyc8/ssn6 alleles have recently been isolated by
Trumbly (45).

We report here the cloning and molecular analysis of the
SSN6 gene. We constructed null mutations to determine the
phenotype of strains lacking SSN6 function, tested the
effects of multiple copies of SSN6 on SUC2 expression, and
determined the sequence of the gene. We showed that ssn6
affects expression of two other glucose-repressible genes
and also explored the molecular basis of the mating defects
of MATa ssn6 strains.

MATERIALS AND METHODS

Strains and genetic methods. The S. cerevisiae strains used
in this study are listed in Table 1. The strains were con-
structed by standard genetic methods (39), and the geno-
types of double mutants were confirmed by complementa-
tion analysis. Media and methods for scoring markers have
been described (28). Yeast transformations were carried out
as described previously (19).
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The cyrl mutation from strain T42-36C (gift of K. Mat-
sumoto via T. Toda) was introduced into the S288C genetic
background by four serial crosses. cyrl segregants were
identified by complementation for temperature sensitivity
for growth and inability to utilize raffinose. Segregants from
the final backcross carried SUC2 as the only SUC gene and
were assayed for invertase. One such segregant was crossed
to an ssn6 mutant.

The GALS0 gene was disrupted (33) in an S288C derivative
by transformation with a HindIll fragment bearing the
2al80-D null allele of Torchia et al. (44; gift of J. Hopper).
Gene disruption was confirmed by physical analysis of the
DNA. In crosses, gal80 segregants were identified by mating
to gal80 MELI tester strains and testing the diploids with a
chromogenic overlay assay for a-galactosidase activity to
score for gal80 (44).

Cloning the SSN6 gene. The library (4) contained Sau3Al
partial fragments of genomic DNA from a strain derived
from S288C cloned into YEp24 (3). DNA from this library
was used to transform MCY475 to uracil prototrophy, and
transformants were recovered from the regeneration agar as
described previously (4). The transformants were suspended
in sterile water, and the cells in several 10-ml aliquots were
sedimented at 1 X g until most of the clumpy cells had
settled (70 min). The supernatant fluid was removed, and
Ura* transformants were recovered by plating onto selective
medium. Twenty-three colonies were tested for anaerobic
growth on raffinose, and six were Raf~. Plasmid DNA was
recovered from these Raf~ transformants by passage
through Escherichia coli HB101 as described previously (7).

Subclones. pNN116-3 was derived from pLN113-3 by
deletion of the 2um EcoRI fragment (Fig. 1). pJS5 and pJS6
contain the indicated fragment in pCGS40 (14). pJS7, pJS11,
and pJS12 are subclones in pUC18 (29). pJS9 and pJS10 are
subclones in YIpS5 (3). pJS18 and pJS19 are derivatives of
M13mpl8 and M13mp19 (29), respectively. pJS8 and pJS20
are subclones in a pUC18 derivative containing URA3.
pJS21, pJS22, and pJS23 contain the URA3 HindIII fragment
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FIG. 1. Restriction maps of SSN6 clones. Plasmids are described in the text. Only the yeast DNA segment (solid line) is shown, except
that the YEp24 vector sequence (hatched box) is indicated in pLN113-3. The wavy arrow indicates the approximate position and direction
of transcription of the SSN6 RNA, and the closed box denotes the open reading frame. Restriction sites within the URA3 fragment (open box)
are not shown. The ability of each episomal plasmid to complement an ssn6 mutation is indicated. An arrow indicates the 5'-to-3’ direction
of the bacteriophage DNA strand of pJS19 that was available for hybridization to RNA in the experiment for which results are shown in Fig.
2; the opposite strand of pJS18 was available. The allele designations of the chromosomal ssn6 mutations constructed with each plasmid are
indicated. Restriction sites: H, HindIII; K, Kpnl; N, Nhel; Nc, Ncol; P, Pvull; Ps, Pstl; Pv, Pvul; S, Scal; Sp, Sphl; X, Xbal.

inserted between HindlIII sites in the SSN6 DNA. pJS13 is
the Nhel-Xbal fragment cloned into the Xbal site in pJS30,
a derivative of pMH158 (17) constructed by deleting the
BglII-BamHI fragment. pJS14 is pJS13 lacking both PstI
fragments from the SSN6 gene.

Disruption of the SSN6 locus. Alleles ssn6-4::URA3, ssn6-
AS5::URA3, and ssn6-A6::URA3 were constructed by the
method of Rothstein (33). Plasmids pJS21, pJS22, and pJS23
were digested with restriction enzymes to release a fragment
of S. cerevisiae DNA carrying the URA3 insertion, and the
digests were used to transform the diploid MCY643 to uracil
prototrophy. Transformants in which one copy of the SSN6
gene was disrupted were identified by Southern blot analysis
(40) of genomic DNA. A Ura* diploid carrying each disrup-
tion was subjected to tetrad analysis to recover haploid
segregants carrying the disruption. To construct ssn6-A7, the
integrative plasmid pJS20 was used to transform the haploid
strain MCY638 and four Ura* transformants were crossed to
strain MCY1094. Ura™ segregants of the resulting diploids
were selected on 5-fluoro-orotic acid medium (2). Those
segregants in which loss of the integrated plasmid resulted in
replacement of the wild-type sequence with the deletion
were identified by Southern blot analysis. Two such diploids
were subjected to tetrad analysis to recover mutant haploid
segregants.

Preparation of DNA and RNA. DNAs were prepared as
described previously (7). Poly(A)-containing RNAs were
isolated from glucose-repressed or derepressed cultures as
described previously (37).

TABLE 1. S. cerevisiae strains used

Strain“ Genotype Source
MCY405 MATa ura3-52 SUC2 gal2 This laboratory
MCY472 MATa his4-539 lys2-801 ura3-52 This laboratory

ssn6-1 SUC2
MCY475 MATa his4-539 lys2-801 ura3-52 This laboratory
snfl-28 ssn6-1 SUC2
MCY638 MATa ura3-52 his4-539 lys2-801 This laboratory
suc2
MCY643 MATa/MATo ura3-52/ura3-52 This laboratory
lys2-801/lys2-801 + [his4-539
suc2/isuc2
MCY805 MATa lys2-801 ssn6-1 SUC2 This laboratory
MCY1094 MATa ade2-101 ura3-52 SUC2 This laboratory
MCY1336 MATa lys2-801 his4-539 This work
ade2-101 ssn64::URA3
(ura3?) SUC2
MCY1337 MATa lys2-801 ade2-101 This work
ssn6-4::URA3 (ura3?) SUC2
T42-36C MATa leul ura3 trpl cyrl-2 K. Matsumoto
via T. Toda
X2180-1A MATa SUC2 gal2 YGSC?
X2180-1B MATa SUC2 gal2 YGSC
RC634 MATa sstl-3 ade2 his6 metl R. Chan
ural rmel
XBHS-2C MATa sst2-4 cryl* his6 ural L. Blair
(met?)
DC17 MATa hisl J. Hicks

< All MCY strains are isogenic or congenic to S288C.
b YGSC, Yeast Genetic Stock Center.
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Enzyme assays. Invertase assays were carried out as
described previously (7) except that S mM EDTA was added
to disperse flocculent cultures before the optical density was
determined. Cells were grown to the mid-log phase in
medium containing 2% glucose. Derepressed cells were
prepared by shifting the cells to medium containing 0.05%
glucose for 2.5 h at 30°C. Extracellular invertase activity was
assayed in whole cells (15) as described previously (7).
B-Galactosidase was assayed in permeabilized cells (16);
cultures were dispersed with EDTA before the optical den-
sity was determined. Maltase was assayed in cells broken by
vortexing with glass beads as previously described (28).

Sequence analysis. Restriction fragments were cloned into
M13mpl18 or M13mpl9 (29). The nucleotide sequence was
determined by the method of Sanger et al. (35) with the
17-mer sequencing primer and [a-*>S]dATP (1) purchased
from Amersham Corp.

RESULTS

Cloning the SSN6 gene. An ssn6 snfl ura3 strain (MCY475)
was transformed with a genomic library (4) cloned in the
multicopy vector YEp24 (3). The parent strain is clumpy and
able to utilize raffinose for growth. A plasmid that comple-
ments ssn6 would confer a nonclumpy, Raf~ phenotype. We
therefore selected against clumpy transformants and then
screened for Raf~ transformants, as described in Materials
and Methods. Plasmid DNA was recovered from six such
transformants, and five different plasmids were identified.
Four plasmids contained overlapping cloned segments, and
the smallest of these, pLLN113-3, is shown in Fig. 1. Upon
retransformation, pLN113-3 complemented the same ssn6
strain for clumpiness and overproduction of invertase. The
plasmid that did not contain an overlapping DNA sequence
failed to complement an ssn6 strain for these phenotypes
when retested.

Evidence that pLLN113-3 contains the SSN6 gene was
obtained by demonstrating linkage of the cloned DNA to the
SSNG6 locus. An integrating plasmid, pNN116-3 (Fig. 1), was
derived from pLN113-3 and used to transform MCY638
(ura3 lys2). Three Ura™ transformants were mated to
MCY405(ura3), and the resulting diploids were subjected to
tetrad analysis. In 19 tetrads, lys2 and ura3 segregated 2:2 in
repulsion. These results indicate that in each instance
pNN116-3 integrated in the genome of MCY638 at a site
tightly linked to lys2. Previously, ssn6/cyc8 has been mapped
to a locus 4.5 centimorgans from lys2 (34). Comparison of
the restriction maps of our clones and the previously cloned
LYS2 locus (11) indicated that the 3’ end of the LYS2 RNA
maps about 2 kilobases (kb) from the right edge of the DNA
segment cloned in pLN113-3.

To localize the SSN6 gene within the cloned DNA, we
constructed subclones pJSS and pJS6 (Fig. 1) in the multi-
copy vector pCGS40 (14) and tested their ability to comple-
ment ssn6 by transforming strain MCY475 (ssn6-1 snfl-28).
Six Ura* transformants of each type were examined. All
resembled the parent strain in their clumpiness and consti-
tutivity, indicating that neither plasmid complemented the
ssn6 mutation. We then constructed pJS13, which comple-
mented an ssn6-1 strain for regulation of invertase and all
other phenotypes.

Structure and expression of the SSN6 RNA. To identify the
RNA encoded by SSN6, poly(A)-containing RNA isolated
from glucose-repressed and derepressed cells was analyzed
by Northern blot (RNA blot) hybridization. Since neither
pJS5 nor pJS6 complemented for SSN6 function, it seemed
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FIG. 2. Structure and expression of the SSN6 RNA. Poly(A)-
containing RNA was prepared from glucose-repressed (R) and
derepressed (D) cultures of strain X2180-1B. RNAs were fraction-
ated by electrophoresis through a 1.5% (A) or 1% (B and C) agarose
gel containing formaldehyde (23) and transferred to nitrocellulose
(43). Size standards were restriction digests of pBR322 DNA. (A)
Probe was 32P-labeled pJS9 DNA prepared by nick translation (32).
The URA3 RNA served as an internal standard for the amount of
RNA loaded. This blot was later probed with radioactively labeled
SUC2 DNA to confirm that RNAs were prepared from properly
glucose-repressed and derepressed cultures. (B) Probe was pJS8
DNA labeled by nick translation. The arrowhead indicates the
3.7-kb RNA. (C) 32P-labeled single-stranded probes were prepared
from pJS18 and pJS19 by M13 chain extension (35), omitting chain
terminators. The labeled DNA was enzymatically digested with a
restriction endonuclease, and the DNA strands were separated by
electrophoresis through a denaturing acrylamide gel. The DNA was
eluted from the gel as described previously (23). The blot that was
probed with JS18 was subsequently probed with YIp5, and detection
of the URA3 RNA confirmed the presence of RNA on the blot.

pJS18

likely that the 0.6-kb HindIII fragment spanning the junction
between the two would be homologous to the SSN6 RNA.
This fragment was subcloned in pJS9, and a probe prepared
from pJS9 hybridized to a 3.3-kb RNA (Fig. 2). This 3.3-kb
RNA was also detected with pJS8 and pJS10 probes, which
contain sequences flanking that of pJS9 (Fig. 2). pJS8 and
pJS10 also hybridized to other RN As, most prominently to a
3.7-kb RNA; however, this 3.7-kb RNA does not appear to
be derived from the SSN6 locus because it was present in
strains bearing disruptions of the SSN6 locus (the ssn6-
4::URA3, ssn6-A5::URA3, and ssn6-A6::URA3 alleles de-
scribed below), whereas the 3.3-kb RNA was not present in
such mutants (data not shown). These findings in conjunc-
tion with the complementation data indicate that the SSN6
gene encodes the 3.3-kb RNA. A likely explanation for the
hybridization to the 3.7-kb and other RN As was provided by
the finding that pJS8 and pJS10, but not pJS9, contain
repeated DNA sequences: poly(CAX), where X is A or G,
which encodes polyglutamine (see below). pJS11 and pJS12
hybridized to a 2.6-kb RN A, and pJS7 hybridized to a 0.9-kb
RNA slightly smaller than the URA3 RNA; these RNAs are
presumably encoded by genes flanking SSNG.

The direction of transcription of the SSN6 gene was
determined by using single-stranded probes prepared from
pJS18 and pJS19, subclones in the vectors M13mpl8 and
M13mp19 (29). The pJS19 probe hybridized to the 3.3-kb
RNA, and the pJS18 probe did not (Fig. 2), indicating that
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TABLE 2. Secreted invertase activity in ssn6 mutants and in
strains carrying multiple copies of the SSN6 gene

Secreted invertase activity?

Relevant genotype

R D
SSN6 <1 200
ssn6-4::URA3 765 2,560
ssn6-A5::URA3 740 1,970
ssn6-A6::URA3 640 2,650
ssn6-A7 28 113
SSN6 (YEp24) <1 210
SSN6 (pLN113-3) <1 86
SSNG6 (pJS14) <1 224
SSNG6 (pJS13) 3 SS

2 Micromoles of glucose released per minute per 100 mg (dry weight) of
cells; values are the averages of determinations for at least two segregants or
two single colonies from each of two transformants. Strains carrying plasmids
were grown in synthetic complete medium (39) lacking either uracil or leucine
to select for plasmid maintenance. Other strains were grown in rich medium
(YEP). Standard errors were <25%. R, Glucose-repressed cultures; D,
derepressed cultures.

the direction of transcription of the SSN6 gene is as shown in
Fig. 1.

The expression of the SSN6 RNA was not regulated by
glucose repression; the RNA was equally abundant in cells
grown under conditions of glucose repression or derepres-
sion (Fig. 2).

Disruption of the chromosomal SSN6 locus. To determine
the phenotype of a null mutation at the SSN6 locus, we
disrupted the chromosomal copy of the gene by several
methods. Deletion and insertion mutations were constructed
in plasmids pJS20, pJS21, pJS22, and pJS23 (Fig. 1). These
mutations were then introduced into the genome of a diploid
strain (ura3/ura3) so as to replace the wild-type sequence on
one homolog, as described in Materials and Methods. The
allele designation of the ssn6 mutation that was created with
each plasmid is indicated in Fig. 1. To determine the
phenotype caused by each disruption, a diploid heterozy-
gous for the disruption was subjected to tetrad analysis, and
seven or more tetrads were examined. Diploids carrying
ssn64::URA3, ssn6-AS5::URA3, and ssn6-A6::URA3 will be
consideredfirst. Foreachdiploid, the URA3 markercosegrega-
ted 2:2 with the following phenotypes associated with ssn6
missense mutations: clumpiness, ability to grow on sucrose
in the presence of 2-deoxyglucose, and inability to grow on
glycerol. We also noted cosegregation of general unhealthi-
ness at 30°C and temperature sensitivity for growth at 37°C,
phenotypes which are less marked in an ssn6-1 mutant. All
MATa segregants with these phenotypes exhibited a mating-
deficient phenotype that was more severe than that of MATa
ssn6-1 mutants. To determine the effects of these mutations
on regulation of SUC2 expression, secreted invertase was
assayed in glucose-repressed and derepressed cultures. In
each instance, both the constitutive and derepressed activi-
ties were much higher than that of the derepressed wild type
(Table 2). The three disrupted alleles were recessive with
respect to all phenotypes tested: clumpiness, temperature
sensitivity, constitutivity for invertase, and inability to uti-
lize glycerol. Each mutation failed to complement ssn6-1 for
these phenotypes, thereby confirming that disruption of the
cloned gene created new ssn6 alleles. This result establishes
the identity of the cloned gene as SSN6. A diploid with the
genotype ssn6<4::URA3/ssn6-A5::URA3 failed to sporulate,
as was previously found for diploids homozygous for ssn6
missense mutations (6).

To determine the phenotype conferred by the ssn6-A7

MoL. CELL. BioL.

deletion constructed by using pJS20, two diploids heterozy-
gous for the deletion were subjected to tetrad analysis (11
tetrads of one and 12 of the other). Temperature sensitivity
for growth segregated 2:2 in all tetrads and cosegregated
with the tightly linked /ys2 marker. Southern blot analysis of
genomic DNA from four spore clones of one tetrad showed
that the ssn6-A7 deletion cosegregated with temperature
sensitivity. Two temperature-sensitive spore clones were
assayed for secreted invertase, and both showed low-level
constitutive invertase activity and wild-type derepressed
activity (Table 2). However, the temperature-sensitive seg-
regants were not clumpy, did not grow on sucrose in the
presence of 2-deoxyglucose, exhibited no obvious mating
defects, and grew on glycerol. The 0.9-kb RNA was still
intact in this deletion mutant, as judged by Northern blot
analysis. The ssn6-A7 mutation was found to be recessive to
the wild-type SSN6 allele. It failed to complement ssn6-
4::URA3 for temperature sensitivity and was dominant to
ssn6-4::URA3 for all other phenotypes. Mutants homozyg-
ous for ssn6-A7 sporulated normally, yielding tetrads with
four spores of the expected phenotype. Sequence analysis
(see below) indicated that this deletion removes the carboxy-
terminal 371 amino acids of the predicted SSN6 protein (see
Fig. 5).

An ssn6 null mutation suppresses snfl. The ssn6 missense
mutations were originally isolated as suppressors of the
sucrose-nonfermenting phenotype caused by snfl (6). To
determine whether an ssn6 null mutation would also sup-
press snfl, a diploid heterozygous for both ssn6-4::URA3
and snfl-28 was subjected to tetrad analysis. In seven
tetrads, temperature sensitivity and clumpiness cosegre-
gated 2:2 with the URA3 marker linked to ssn6, whereas the
ability to ferment sucrose and raffinose segregated 3+:1— in
six tetrads and 2+:2— in one tetrad. These segregation
patterns indicated that ssn6-4:: URA3 suppressed snfl . Inter-
actions between this ssn6 null mutation and other snf muta-
tions have been examined (L. Neigeborn and M. Carlson,
unpublished results) and were similar to those reported for
ssn6-1 (27).

High SSN6 dosage prevents full derepression of SUC2.
Because the phenotype of an ssn6 mutant suggests that the
SSN6 gene product may act as a repressor, we tested the
possibility that multiple copies of the SSN6 gene would
prevent full derepression of the SUC2 gene. First, derepres-
sed wild-type cells carrying pLN113-3 or the vector YEp24
were assayed for invertase (Table 2). Strains carrying
pLN113-3 produced only 40% as much invertase activity as
did control strains carrying YEp24. In a second experiment,
strains carrying pJS13 and pJS14 were compared. These two
plasmids were derived from the high-copy-number vector
pMH158 (17) and differ only by a deletion of the SSN6
coding sequence. Because the LEU2 gene in pMH158 is
poorly expressed, the plasmid must be present in 35 to 100
copies per cell to confer a Leu™ phenotype (12). Strains
carrying pJS13 derepressed only 25% as much invertase
activity as did strains carrying pJS14. These data are con-
sistent with the notion that the SSN6 gene product acts as a
negative regulator of the SUC2 gene.

SSN6 affects expression of SUC2 mRNA. Previously, we
showed that an ssn6 mutation causes constitutive expression
of a gene fusion under the control of the SUC2 upstream
region, which suggested that the upstream region mediates
the repressive effect of SSN6 on transcription (36). To
confirm that SSN6 exerts its regulatory effects at the RNA
level, expression of SUC2 mRNA was examined in ssn6-1
and wild-type cells under glucose-repressing and derepres-
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sing conditions. SUC2 mRNAs were detected by Northern
blot analysis of poly(A)-containing RN As. In an ssn6 mutant
the 1.9-kb SUC2 mRNA, which is normally glucose repress-
ible, was present at a high level in both glucose-repressed
and derepressed cells (data not shown).

ssné6 affects expression of a GAL10-lacZ fusion and maltase.
Previously, we noted that snfl mutants are unable to use
galactose as a carbon source (5) and that an ssn6 mutation
does not appreciably suppress this growth defect (6). We
next examined the effects of ssn6 on glucose repression of
the GALI0-lacZ gene fusion carried on the episomal plasmid
pRY123 (46). Both gal80-D (null) mutants and wild-type
(GALS0) strains were tested in case the presence of glucose
affected induction by galactose; gal80 alleviates the require-
ment for galactose for induction of GALIO. Significant
B-galactosidase activity was detected in ssn6 snfl strains
grown in the presence of glucose regardless of the allele at
the GALS80 locus (Table 3). In a gal80 genetic background,
ssn6 also partially restored the growth of snfl mutants on
galactose.

We next examined the effects of ssn6 on expression of the
glucose-repressible enzyme maltase. Our strains are derived
from the maltose-nonfermenting strain S288C and were
therefore transformed with the episomal plasmid pM1.2F
(10), which complements the defect. Assays of maltase
activity showed that an ssn6 mutant expressed 25-fold more
activity under glucose-repressing conditions (in the presence
of maltose) than did the wild type (Table 3). To determine
whether ssn6 suppressed the defect in growth on maltose
caused by a snfl mutation (5), we carried out tetrad analysis
of a diploid heterozygous for both snfI and ssn6 and carrying
pM1.2F. The ability to utilize maltose segregated 2:2 in
seven tetrads, indicating that ssn6 does not significantly
suppress this growth defect.

a-specific genes are expressed in MATa ssn6 mutants.
Previously, we noted that MATa ssn6 strains mate less
efficiently than the wild type with MATa tester stains and
also mate very weakly with MATa tester strains (6). These
phenotypes were more striking for the null mutants than for
previously isolated missense mutants. To examine the basis
for these phenotypes, we tested ssn6 mutants for synthesis

TABLE 3. Effect of ssn6 on expression of a GAL10-lacZ
fusion and maltase®

B-Galactosidase activity® Maltase activity?

Relevant

genotype”  Giy + Gal Gal Glu Suc Glu + Mal  Mal
Wild type <1 690 60 7,700
ssn6 100 550 1,600 8,900
ssn6 snfl 75¢ 370¢
snfl <1
gal80 540¢ 7 140
ssn6 gal80 360¢ 140 170
ssn6 snfl gal80 310° 140 210
snfl gal80 4

2 Strains were grown in synthetic complete medium (39) lacking uracil (to
maintain selection for the plasmid) and containing the indicated sugar at 2%,
except that Glu + Mal medium contained 5% glucose. Glu, Glucose; Gal,
galactose; Suc, sucrose; Mal, maltose.

b Alleles are ssn6-1, snfl-28, and gal80-D.

< Units of activity normalized for the optical density at 600 nm of the culture
were calculated as described by Miller (26); values are the averages of
determinations for two segregants except where noted. Strains carried plas-
mid pRY123 (46). Standard errors were <30%.

4 Nanomoles of p-nitrophenyl-a-D-glucopyranoside cleaved per minute per
milligram of protein. Strains carried plasmid pM1.2F (10). Values are from
one assay.

¢ Only one segregant was assayed.
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FIG. 3. Bioassays for a-factor, a-factor, and barrier. The strains
tested were X2180-1A (MATa SSN6) (a), MCY472 (MATa ssn6-1)
(b), MCY1336 (MATa ssn6-4::URA3) (c), X2180-1B (MATa SSN6)
(d), MCY805 (MATa ssn6-1) (e), and MCY1337 (MATa ssn6-
4::URA3) (f). Halo assays were carried out as described by Julius et
al. (20). (A) a-factor halo assay. Approximately 4 x 10° cells of
strain RC634 (MATa sstl) were spread onto a YEP-2% glucose
plate. The strains to be tested for production of a-factor were
patched onto the lawn, and the plate was incubated at 30°C for 3
days. (B) a-factor halo assay. The conditions and procedures were
the same as in panel A except that the tester lawn was XBH8-2C and
the plate was incubated at 25°C. (C) Barrier assay. A streak of the
a-factor-producing strain DC17 was replica plated onto a freshly
spread lawn of strain RC634 (MATa sstI) on a YEP-2% glucose
plate, and the strains to be assayed were patched next to the DC17
cells. The production of barrier by the strains tested allowed the
lawn to grow in the presence of a-factor. The plate was incubated at
30°C for 3 days.

of a- and a-specific gene products. Strains were tested for
synthesis of a-factor by the a-factor halo assay (20); in this
assay, the production of a-factor by a patch of cells results in
a zone of growth inhibition in the surrounding lawn of MATa
sstl cells, which are supersensitive to a-factor (9). MATa
ssn6 strains were found to be defective in a-factor activity,
eliciting no a-factor halo (Fig. 3A). In an a-factor halo assay,
MATa ssn6 mutants produced conspicuous halos on a MATa
sst2 lawn (9), indicating that they produce a-factor, a sub-
stance normally specific to MATa strains (Fig. 3B). This
finding suggested the possibility that the defect in a-factor
activity observed in MATa ssn6 mutants resulted from
abnormal production of barrier, the a-specific product of the
SSTI or BARI gene that inactivates a-factor (9, 18, 41).
Barrier activity was assayed by patching the strains to be
tested next to a wild-type MATa strain on a lawn of MATa
sstl cells (Fig. 3C). The growth of the sst/ lawn was
inhibited by the a-factor produced by the MATa SSN6
strain; however, each patch of MATa ssn6 cells protected
the sst1 lawn from this growth inhibition, indicating that the
ssn6 mutants produced barrier. Production of barrier by the
ssn6 strains could account for the low a-factor activity (41);
Northern blot analysis indicated that the MATa ssn6-
4::URA3 strain produced wild-type amounts of a-factor
mRNAs.

Previous studies have shown that mutations in the MATo2
gene cause production of barrier and reduced a-factor activ-
ity (41). To determine whether ssn6 affects expression of the
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TABLE 4. Secreted invertase activity in ssn6 cyrl mutants

Secreted invertase activity?

Relevant

genotype R D
ssn6-1 450 1,500
cyrl-2 <1 4
ssn6-1 cyrl-2° 3 120
ssn6-1 cyrl-2 25 460

2 Micromoles of glucose released per minute per 100 mg (dry weight) of
cells. Values are given for two different ssn6 cyrl segregants; values are the
averages of at least three independent determinations. Strains were grown in
rich medium (YEP). Standard errors were <25% (except for values <10). R,
Glucose-repressed cultures; D, derepressed cultures.

b Segregant was unhealthy.

MATao2 RNA, we compared the abundance of this RNA in
MATa ssn6 mutants and the wild type. Northern blot anal-
ysis of poly(A)-containing RNAs showed that MATa strains
that carried the allele ssn6-1, ssn6-4::URA3, ssn6-AS::
URA3, or ssn6-A6::URA3 contained the same amount of
MATo2 RNA as did the wild type (data not shown).

ssn6 mutation partially suppresses the invertase defect
caused by cyrl. Matsumoto et al. reported that a tempera-
ture-sensitive mutation in the adenylate cyclase gene (24),
cyrl-2, caused defects in derepression of invertase, a-
glucosidase, and repressible acid phosphatase at tempera-
tures permissive for growth (25). Levels of adenylate cyclase
and cyclic AMP were also reduced. Matsumoto et al. sug-
gested that cyclic AMP is required for expression of these
enzymes but is unlikely to play a regulatory role since acid
phosphatase, unlike the other two enzymes, is not glucose
repressible. The role of cyclic AMP in invertase expression
remained unclear. To determine whether ssn6 suppresses
the invertase defect caused by cyrl-2, we constructed double
mutants (see Materials and Methods). We were unable to
recover ssn6-4::URA3 cyrl-2 segregants from 31 four-spored
asci from a diploid heterozygous for both mutations. We
recovered only four double mutants from 39 four-spored asci
from a diploid heterozygous for ssn6-1 and cyrl-2, and two
were extremely unhealthy. The other two ssn6-1 cyrl-2
segregants, one of which was somewhat unhealthy, were
assayed for secreted invertase activity (Table 4). The ssn6
mutation partially suppressed the invertase defect caused by
cyrl-2, but the double mutants did not exhibit the high-level
constitutivity characteristic of the ssn6 parent. The double
mutants were temperature sensitive for growth and were
significantly less clumpy than the ssn6 parent. Thus, ssn6
was not epistatic to cyr/-2. The SSN6 and CYRI genes seem
to have antagonistic effects on SUC2 expression. In a
previous study, ssn6 showed similar interactions with the
mutations snf2, snf5, and snf6 with respect to SUC2 expres-
sion and the clumpy phenotype (27).

Sequence of the SSN6 gene. The nucleotide sequence of the
SSN6 gene was determined by the strategy shown in Fig. 4.
The nucleotide sequence and the predicted amino acid
sequence are shown in Fig. 5. There is an open reading frame
of 2,898 base pairs that could encode a 107,177-dalton
protein. The position of the coding sequence is consistent
with the location of the RNA indicated in Fig. 1.

The most unusual features of the predicted SSN6 protein
are the long stretches of polyglutamine and poly(glutamine-
alanine). A block of 16 tandem glutamines is located near the
amino terminus (residues 15 to 30), and a second block of 31
glutamines is found at residues 557 to 587. The 64-amino-
acid stretch between positions 493 and 556 consists of
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alternating glutamine and alanine, interrupted only by one
lysine and one histidine.

DISCUSSION

We cloned the SSN6 gene and disrupted the chromosomal
locus. The null mutations conferred phenotypes similar to,
but more severe than, those conferred by previously isolated
missense mutations. An ssn6 null mutation was an effective
suppressor of snfl with respect to restoration of SUC2
expression, and ssn6 was shown to affect expression of
SUC2 mRNA. We showed that ssn6 also causes glucose-
insensitive expression of a GALI0-lacZ gene fusion and the
maltase gene. Our studies also provided some understanding
of the molecular basis of the effects of ssn6 on mating
competence, a property that is not obviously related to
glucose repression. MATa ssn6 cells produce both a-factor
and barrier and show reduced levels of a-factor but no
deficiency in MATa2 mRNA.

The nucleotide sequence of SSN6 proved unenlightening
with regard to the function of the SSN6 gene product. The
predicted 107-kilodalton SSN6 protein was not obviously a
DNA-binding protein, and a search of a large data base
revealed no significant homology to any other protein except
those containing polyglutamine. The most interesting fea-
tures of the SSN6 protein are the polyglutamine and
poly(glutamine-alanine) stretches, but their significance is
not known. Stretches of polyglutamine have been found in
the proteins encoded by the HAP2 (30) and ANPI (L.
Melnick and F. Sherman, personal communication) genes of
S. cerevisiae. Repeated sequences that could encode poly-
glutamine have been found in several Drosophila homeotic
genes, including Notch (47), engrailed (13, 31), and Anten-
napedia (21). Another noteworthy feature is that deletion
ssn6-A7 removed a substantial portion of the protein, 371
amino acids from the carboxy terminus, without causing a
severely mutant phenotype.

We can imagine several possible functions for the SSN6
product that are consistent with the mutant phenotypes. The
simplest possibility is that the SSN6 protein is a target (direct
or indirect) of the SNFI protein kinase and that the SSN6
protein functions as a negative regulator of SUC2 and other
genes; moreover, we cannot exclude the very simple model
that SSN6 encodes a DNA-binding protein. This model
satisfactorily accounts for the phenotypes of ssn6 mutants,
including glucose-resistant gene expression, and the epis-
tasis of ssn6 to snfl.

A second possibility is that SSN6 encodes a phosphopro-
tein phosphatase that acts antagonistically to the SNFI

X HaPs HaPs H K HPs S NH
11 11 AL 1 1]

L 11

b e & — —
— & — —
“—
_ —— —> —> >
i d i _— > —

0.5kb

FIG. 4. Sequencing strategy. The arrows indicate the direction
and extent of the sequence determined. Regions which were se-
quenced on only one strand were sequenced independently at least
three times, and 94% of the sequence was determined for both
strands. Restriction sites: Ha, Haelll; H, Hindlll; K, Kpnl; N,
Nhel; Ps, Pstl; S, Scal; X, Xbal.



VoL. 7, 1987 SSN6 GENE OF S. CEREVISIAE

-681
-600
-480
-360
-240
-120

91

181

271

361

451

541

631

721

811

901

991

1081

1171

1261

1351

1441

1531

1621

1711

1801

1891

1981

2071

2161

2251

2341

2431

2521

2611

2701

2791

2881

2994
3114
3234

AGCTTATTTTTTTCGTGCACACTCCGTTCTTAGTGGTGTTTCCACATCTTTTTTGTGCTTGTGCGTTTGCCAATGCTAAAA
TGGAAATTGCCTTATAACGTGGGCCATGTCATGCCGTGTCCTCTCGTTTCGTAAAACTTACCACACGTACCGGACTGTTCCGTCCTGTCTCGTATCGCACGGGTGCCGTATCGGCTCTAA
TTATTTTATCTCTCTATTTTCTTTCTTTTCTCTGCGCTACTCCTTTCTCGATCGTTGCTACTCCCGTCGCTAGCCACTGGTCTCCCGCGTACTGTACTCCATCTTTTTTTGGCGTTTTTC
CCCTATCCAACTCGAACAAGGTTTGTTTAAATTTATTTTATTTTTCTTTTCTTCGGTCGGTCGTTCTTTTCCCTTCCGATTATCAAAGCAAAAGCGCATTTTTTTCTTTGTCTTTTTGTT
TTTTGTTTCCTGTTCTCTGTTTTTTTACAAACCACGTCAGGAGTTCAATTGAGAGAACTAGAATCAACAAAGCCAAATACGACAACGTCACTAGTCTTTGAACCAGAGGCGTATTCCCGT
TACCTCTTTTCCCATATTTCTGTTTTTCTTTTTCACTGCTATAAGCCTTTAGACTAGTACTACAACTACAACAGCAACAACAACAAACAAAACACGACTGGAAAAAAAAAATTAGGAAAA

ATG AAT CCG GGC GGT GAA CAA ACA ATA ATG GAA CAA CCC GCT|CAA CAG CAA CAA CAA CAG CAA CAA CAA CAG CAG CAA CAG CAA CAG CAG
met asn pro gly gly §lu gln thr ile met glu gln pro ala/gln gln gln gln gln gln gln gln gln gln gln gln gln gln gln gln

GCA GCA GTT CCT CAG CAG CCA CTC GAC CCA TTA ACA CAA TCA ACT GCG GAA ACT TGG CTC TCC ATT GCT TCT TTG GCA GAA ACC CTT GGT
ala ala val pro gln gln pro leu asp pro leu thr gln ser thr ala glu thr trp leu ser ile ala ser leu ala glu thr leu gly

GAT GGC GAC AGG GCC GCA ATG GCA TAT GAC GCC ACT TTA CAG TTC AAT CCC TCA TCT GCA AAG GCT TTA ACA TCT TTG GCT CAC TTG TAC
asp gly asp arg ala ala met ala tyr asp ala thr leu gln phe asn pro ser ser ala lys ala leu thr ser leu ala his leu tyr

CGT TCC AGA GAC ATG TTC CAA AGA GCT GCA GAA TTA TAT GAA AGA GCA CTT TTG GTA AAT CCC GAA CTA TCA GAT GTG TGG GCT ACT TTA
arg ser arg asp met phe gln arg ala ala glu leu tyr glu arg ala leu leu val asn pro glu leu ser asp val trp ala thr leu

GGT CAT TGT TAT CTG ATG CTG GAT GAT CTG CAA AGA GCT TAC AAT GCC TAT CAA CAG GCT CTC TAC CAC CTC AGT AAT CCC AAC GTA CCG
gly his cys tyr leu met leu asp asp leu gln arg ala tyr asn ala tyr gln gln ala leu tyr his leu ser asn pro asn val pro

AAA TTA TGG CAT GGA ATC GGC ATT CTT TAT GAC AGA TAT GGT TCG CTC GAC TAT GCC GAA GAA GCT TTT GCC AAA GTT TTG GAA TTG GAC
lys leu trp his gly ile gly ile leu tyr asp arg tyr gly ser leu asp tyr ala glu glu ala phe ala lys val leu glu leu asp

CCT CAT TTT GAA AAG GCA AAC GAA ATT TAC TTC AGA CTA GGT ATT ATT TAT AAA CAT CAG GGT AAA TGG TCT CAA GCT TTG GAA TGC TTC
pro his phe glu lys ala asn glu ile tyr phe arg leu gly ile ile tyr lys his gln gly lys trp ser gln ala leu glu cys phe

AGA TAC ATT CTC CCT CAA CCT CCT GCT CCC TTG CAG GAG TGG GAC ATA TGG TTT CAG TTG GGT AGT GTT TTG GAG AGT ATG GGA GAG TGG
arg tyr ile leu pro gln pro pro ala pro leu gln glu trp asp ile trp phe gln leu gly ser val leu glu ser met gly glu trp

CAA GGT GCG AAG GAA GCC TAC GAG CAT GTC TTG GCT CAA AAT CAA CAT CAT GCC AAA GTA TTA CAA CAA TTA GGT TGT CTT TAC GGT ATG
gln gly ala lys glu ala tyr glu his val leu ala gln asn gln his his ala lys val leu gln gln leu gly cys leu tyr gly met

AGT AAC GTA CAA TTT TAT GAC CCT CAA AAG GCA TTG GAT TAT CTT CTA AAG TCG TTA GAA GCA GAT CCC TCC GAT GCC ACT ACA TGG TAC
ser asn val gln phe tyr asp pro gln lys ala leu asp tyr leu leu lys ser leu glu ala asp pro ser asp ala thr thr trp tyr

CAT CTC GGT AGA GTG CAT ATG ATT AGA ACA GAT TAT ACT GCC GCA TAT GAT GCT TTC CAA CAA GCT GTT AAT AGA GAT TCA AGA AAC CCT
his leu gly arg val his met ile arg thr asp tyr thr ala ala tyr asp ala phe gln gln ala val asn arg asp ser arg asn pro

ATC TTT TGG TGC TCA ATC GGT GTT TTA TAT TAC CAA ATT TCT CAA TAC AGA GAC GCC TTA GAC GCG TAC ACA AGA GCC ATA AGA TTA AAT
ile phe trp cys ser ile gly val leu tyr tyr gln ile ser gln tyr arg asp ala leu asp ala tyr thr arg ala ile arg leu asn

CCT TAT ATT AGT GAA GTT TGG TAC GAT CTA GGT ACT CTT TAC GAA ACT TGT AAC AAC CAA TTA TCT GAC GCC CTT GAT GCG TAT AAG CAA
pro tyr ile ser glu val trp tyr asp leu gly thr leu tyr glu thr cys asn asn gln leu ser asp ala leu asp ala tyr lys gln

GCT GCA AGA CTG GAC GTA AAT AAT GTT CAC ATA AGA GAA AGA TTA GAA GCT TTA ACA AAG CAG TTA GAA AAC CCA GGC AAT ATA AAC AAA
ala ala arg leu asp val asn asn val his ile arg glu arg leu glu ala leu thr lys gln leu glu asn pro gly asn ile asn lys

TCG AAC GGT GCG CCA ACG AAT GCC TCT CCT GCC CCA CCT CCT GTG ATT TTA CAA CCT ACC TTA CAA CCT AAT GAT CAA GGA AAT CCT TTG
ser asn gly ala pro thr asn ala ser pro ala pro pro pro val ile leu gln pro thr leu gln pro asn asp gln gly asn pro leu

AAC ACT AGA ATT TCA GCC CAA TCT GCC AAT GCT ACT GCT TCA ATG GTA CAA CAA CAG CAT CCT GCT CAA CAA ACG CCT ATT AAC TCT TCT
asn thr arg ile ser ala gln ser ala asn ala thr ala ser met val gln gln gln his pro ala gln gln thr pro ile asn ser ser

GCA ACA ATG TAC AGT AAT GGA GCT TCC CCT CAA TTA|CAA GCT CAA GCT CAA GCT CAA GCT CAA GCA CAA GCT CAA GCA CAA GCA CAA GCT
ala thr met tyr ser asn gly ala ser pro gln leu|gln ala gln ala gln ala gln ala gln ala gln ala gln ala gln ala gln ala

CAA GCA CAA GCA CAA GCA CAA GCG CAA GCA CAA GCA CAA GCA CAG GCG CAA GCA CAG GCA CAA GCA CAA GCA CAA GCA CAT GCA CAA GCG
gln ala gln ala gln ala gln ala gln ala gln ala gln ala gln ala gln ala gln ala gln ala gln ala gln ala his ala gln ala

CAA GCA CAA GCA CAA GCA AAG GCA CAA GCA CAA GCA CAG GCG CAG GCA CAA CAA CAA CAA CAA CAG CAA CAA CAA CAA CAA CAA CAA
gln ala gln ala gln ala lys ala gln ala gln ala gln ala gln alafjgln gln gln gln gln gln gln gln gln gln gln gln gln gln

[CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAG CAG CAG CAA[TTA CAG CCC CTA CCA AGA CAA CAG CTG CAG CAA AAG GGA

gln gln gln gln gln gln gln gln gln gln gln gln gln gln gln gln glnjleu gln pro leu pro arg gln gln‘leu gln gln lys gly

GTT TCT GTG CAA ATG TTA AAT CCT CAA CAA GGG CAA CCA TAT ATC ACA CAG CCA ACA GTC ATA CAA GCT CAC CAA CTG CAA CCA TTT TCT
val ser val gln met leu asn pro gln gln gly gln pro tyr ile thr gln pro thr val ile gln ala his gln leu gln pro phe ser

ACA CAA GCT ATG GAA CAT CCG CAA AGC TCT CAA CTG CCA CCT CAA CAG CAA CAA CTA CAA TCT GTT CAA CAT CCA CAA CAA CTT CAA GGC
thr gln ala met glu his pro gln ser ser gln leu pro pro gln gln gln gln leu gln ser val gln his pro gln gln leu gln gly

CAG CCT CAA GCC CAA GCT CCC CAA CCT TTA ATC CAG CAT AAC GTG GAA CAG AAC GTT TTA CCT CAA AAG AGA TAC ATG GAA GGT GCA ATC
gln pro gln ala gln ala pro gln pro leu ile gln his asn val glu gln asn val leu pro gln lys arg tyr met glu gly ala ile

CAC ACT TTA GTA GAT GCC GCC GTA TCC AGT AGC ACC CAC ACA GAG AAT AAC ACA AAG TCT CCT CGT CAA CCA ACC CAT GCC ATT CCA ACG
his thr leu val asp ala ala val ser ser ser thr his thr glu asn asn thr lys ser pro arg gln pro thr his ala ile pro thr

CAA GCT CCC GCA ACA GGA ATA ACG AAC GCT GAA CCA CAG GTA AAG AAG CAA AAG TTG AAC TCT CCA AAT TCA AAC ATC AAC AAA TTA GTA
gln ala pro ala thr gly ile thr asn ala glu pro gln val lys lys gln lys leu asn ser pro asn ser asn ile asn lys leu val

AAT ACT GCT ACT TCC ATT GAA GAA AAT GCA AAA TCT GAG GTG AGC AAC CAA TCG CCA GCA GTA GTG GAG TCT AAT ACC AAT AAT ACT TCA
asn thr ala thr ser ile glu glu asn ala lys ser glu val ser asn gln ser pro ala val val glu ser asn thr asn asn thr ser

CAA GAA GAA AAA CCT GTA AAA GCA AAC TCA ATA CCT TCA GTA ATT GGC GCA CAG GAA CCT CCA CAG GAA GCT AGT CCT GCT GAA GAA GCT
gln glu glu lys pro val lys ala asn ser ile pro ser val ile gly ala gln glu pro pro gln glu ala ser pro ala glu glu ala

ACC AAA GCA GCT TCT GTT TCT CCT TCT ACA AAA CCG CTT AAT ACG GAA CCA GAG TCA TCT AGT GTC CAA CCA ACT GTA TCA TCA GAA AGT
thr lys ala ala ser val ser pro ser thr lys pro leu asn thr glu pro glu ser ser ser val gln pro thr val ser ser glu ser

TCA ACA ACA AAA GCA AAT GAC CAA AGC ACT GCT GAG ACC ATA GAA CTT TCT ACT GCT ACT GTT CCT GCA GAA GCA AGC CCT GTA GAA GAC
ser thr thr lys ala asn asp gln ser thr ala glu thr ile glu leu ser thr ala thr val pro ala glu ala ser pro val glu asp

GAA GTA AGA CAG CAT TCT AAA GAG GAA AAC GGC ACA ACT GAA GCA TCT GCA CCT TCT ACT GAA GAG GCG GAG CCA GCA GCT TCC AGA GAT
glu val arg gln his ser lys glu glu asn gly thr thr glu ala ser ala pro ser thr glu glu ala glu pro ala ala ser arg asp

GCT GAA AAA CAA CAA GAT GAA ACC GCT GCT ACA ACG ATA ACT GTA ATC AAA CCT ACT TTG GAA ACA ATG GAA ACA GTG AAA GAG GAG GCC
ala glu lys gln gln asp glu thr ala ala thr thr ile thr val ile lys pro thr leu glu thr met glu thr val lys glu glu ala

AAA ATG CGT GAG GAA GAG CAA ACA TCT CAA GAA AAA TCC CCA CAG GAG AAC ACA CTT CCA AGA GAA AAT GTA GTA AGG CAA GTG GAA GAA
lys met arg glu glu glu gln thr ser gln glu lys ser pro gln glu asn thr leu pro arg glu asn val val arg glan val glu glu
GAT GAA AAC TAC GAC GAC TAA AAAGTTTGCATTCAAAAAATTAATCTACTAATTTATAATCAACGAGAAATGTTGTGTAGCTCACAATTCATTCATTATGTTGTGGATACATA
asp glu asn tyr asp asp ***
TATAAATAAAGAAAAGGCTAAAAAAAAAGGTGGGTAACGTGAATTAGGTTATTTTTCATATATGCACATGTAAATATATGCGTATATAAATATATTATTATTTGTATCATTACATACTTA
GAAATCTATTATTGCTTAAAAGGTTTTCCCGATGAGCATATGTAATAATATTGGGAATTAAGGTGCATTTTCGTATCCTTCATTGTGTATCTACAATCTCTTCAAGAAATTCCCTTATTT
GCTTTAAAACGGTTTCCCTTGTTGAATCCGATACCATTTCTAGA
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FIG. 5. Nucleotide sequence of SSN6 gene and predicted amino acid sequence of gene product. Stretches of glutamine and alternating
glutamine-alanine residues are boxed. An arrowhead marks the position at which deletion ssn6-A7 begins. Asterisks indicate the termination
codon. Nucleotides are numbered on the left, and amino acids are numbered on the right.
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protein kinase, thereby playing a negative role in glucose
repression and perhaps even directly mediating regulatory
signals. In an ssn6 mutant, increased protein phosphoryla-
tion could account for the observed phenotypes. It is harder
to explain the epistasis of ssn6 to snfl, however, and this
model is tenable only if it is additionally postulated that some
targets of the SNF protein kinase are also targets of another
protein kinase. This second kinase must be sufficiently
potent in its activity toward a target of the SNFI protein
kinase to allow high-level invertase expression in a snfl ssn6
mutant but nonetheless must not effectively substitute for
the SNF1I protein kinase in a snfl SSN6 genetic background.

A third possible model is that an ssn6 mutation affects the
function of a protein kinase other than that encoded by
SNF1I, either releasing it from its normal regulation or
altering its target specificity. It must be imagined that this
protein kinase now phosphorylates one or more of the
substrates of the SNFI protein kinase, thereby bypassing the
requirement for SNFI function and causing gene expression
that is no longer regulated by glucose repression. Other
phenotypes of ssn6 mutants that are not related to glucose
repression would, according to this model, also result from
altered patterns of protein phosphorylation.

We believe that the gene dosage studies favor a direct role
for SSN6 in control of SUC2 expression. High SSN6 gene
dosage, and presumably overexpression of the SSN6 pro-
tein, resulted in exactly the phenotype predicted for over-
production of a negative regulator: reduced expression of
SUC2. Thus, deletion of the gene and increased gene dosage
had opposite effects. If ssn6 were merely a bypass mutation
and the wild-type SSN6 protein were not involved in control
of SUC2 expression, it is difficult to envision how this could
occur; for example, it is difficult to reconcile the third model
with these data. In contrast, this result is predicted by the
first two models.

Further studies are in progress to identify the SSN6 gene
product and determine its function. In this regard, it will be
of interest to determine whether an ssn6 mutation sup-
presses defects resulting from mutations in protein Kinase
genes other than SNF1.

It is worth noting that genetic evidence suggests that SSN6
is closely related in function to a gene called variously
TUPI, FLKI, CYC9, and UMR7. Mutations at this locus
cause a similar spectrum of pleiotropic effects, including
constitutivity for glucose-repressible enzymes, clumpiness,
elevated levels of iso-2-cytochrome ¢, mating and sporula-
tion defects, and other abnormalities (22, 34, 38, 42, 48). We
have found that the production of barrier and a-factor in
MATao tupl mutants (22) is not the result of a deficiency of
MATa2 RNA (unpublished results), as was also true for
MATo ssn6 mutants. Finally, rupl resembles ssn6 in its
genetic interactions with snf mutations (28). A multicopy
plasmid carrying the SSN6 gene was tested for complemen-
tation of a tupl mutation but failed to complement (unpub-
lished results). It seems likely that the SSN6 and TUPI gene
products are involved in the same regulatory circuit or are
otherwise functionally related.

ACKNOWLEDGMENTS

We thank Lenore Neigeborn for isolating the SSN6 clones from
the library and assaying the effects of ssn6 on maltase. We gratefully
acknowledge the technical assistance of Jamie Bigelow and
Sumayah Jamal with the sequence analysis. We thank M. Charron,
J. Hopper, K. Matsumoto, C. Michels, T. Toda, J. Thorner, and R.
West for generously providing strains and plasmids. We thank L.
Melnick and F. Sherman for communicating unpublished results.

MoL. CELL. BioL.

This work was supported by Public Health Service grant
GM34095 from the National Institutes of Health to M.C.

LITERATURE CITED

1. Biggin, M. D., T. J. Gibson, and G. F. Hong. 1983. Buffer
gradient gels and 3S label as an aid to rapid DNA sequence
determination. Proc. Natl. Acad. Sci. USA 80:3963-3965.

2. Boeke, J. D., F. LaCroute, and G. R. Fink. 1984. A positive
selection for mutants lacking orotidine-5'-phosphate decar-
boxylase activity in yeast: S-fluoro-orotic acid resistance. Mol.
Gen. Genet. 197:345-346.

3. Botstein, D., S. C. Falco, S. E. Stewart, M. Brennan, S. Scherer,
D. T. Stinchcomb, K. Struhl, and R. W. Davis. 1979. Sterile host
yeast (SHY): a eukaryotic system of biological containment for
recombinant DNA experiments. Gene 8:17-24.

4. Carlson, M., and D. Botstein. 1982. Two differentially regulated
mRNAs with different 5’ ends encode secreted and intracellular
forms of yeast invertase. Cell 28:145-154.

S. Carlson, M., B. C. Osmond, and D. Botstein. 1981. Mutants of
yeast defective in sucrose utilization. Genetics 98:25-40.

6. Carlson, M., B. C. Osmond, L. Neigeborn, and D. Botstein. 1984.
A suppressor of snfl mutations causes constitutive high-level
invertase synthesis in yeast. Genetics 107:19-32.

7. Celenza, J. L., and M. Carlson. 1984. Cloning and genetic
mapping of SNFI, a gene required for expression of glucose-
repressible genes in Saccharomyces cerevisiae. Mol. Cell. Biol.
4:49-53.

8. Celenza, J. L., and M. Carlson. 1986. A yeast gene that is
essential for release from glucose repression encodes a protein
kinase. Science 233:1175-1180.

9. Chan, R. K., and C. A. Otte. 1982. Isolation and genetic analysis
of Saccharomyces cerevisiae mutants supersensitive to G1
arrest by a factor and a factor pheromones. Mol. Cell. Biol. 2:
11-20.

10. Charron, M. J., R. A. Dubin, and C. A. Michels. 1986. Struc-
tural and functional analysis of the MALI locus of Saccharo-
myces cerevisiae. Mol. Cell. Biol. 6:3891-3899.

11. Eibel, H., and P. Philippsen. 1983. Identification of the cloned S.
cerevisiae LYS2 gene by an integrative transformation ap-
proach. Mol. Gen. Genet. 191:66-73.

12. Erhart, E., and C. P. Hollenberg. 1983. The presence of a
defective LEU2 gene on 2p DNA recombinant plasmids of
Saccharomyces cerevisiae is responsible for curing and high
copy number. J. Bacteriol. 156:625-635.

13. Fjose, A., W. J. McGinnis, and W. J. Gehring. 1985. Isolation of
a homoeo box-containing gene from the engrailed region of
Drosophila and the spatial distribution of its transcripts. Nature
(London) 313:284-289.

14. Goff, C. G., D. T. Moir, T. Kohno, T. C. Gravius, R. A. Smith,
E. Yamasaki, and A. Taunton-Rigby. 1984. Expression of calf
prochymosin in S. cerevisiae. Gene 27:35-46.

15. Goldstein, A., and J. O. Lampen. 1975. B-p-fructofuranoside
fructohydrolase from yeast. Methods Enzymol. 42C:504-511.

16. Guarente, L. 1983. Yeast promoters and lacZ fusions designed
to study expression of cloned genes in yeast. Methods Enzymol.
101C:181-191.

17. Heuterspreute, M., J. Orberto, V. H. Thi, and J. Davison. 1985.
Vectors with restriction-site banks. IIl. Escherichia coli-Sac-
charomyces cerevisiae shuttle vectors. Gene 34:363-366.

18. Hicks, J. B., and I. Herskowitz. 1976. Evidence for a new
diffusible element of mating pheromones in yeast. Nature (Lon-
don) 260:246-248.

19. Hinnen, A., J. B. Hicks, and G. R. Fink. 1978. Transformation of
yeast. Proc. Natl. Acad. Sci. USA 75:1929-1933.

20. Julius, D., L. Blair, A. Brake, G. Sprague, and J. Thorner. 1983.
Yeast a factor is processed from a larger precursor polypeptide:
the essential role of a membrane-bound dipeptidyl amino-
peptidase. Cell 32:839-852.

21. Laughon, A., A. M. Boulet, J. R. Bermingham, Jr., R. A.
Laymon, and M. P. Scott. 1986. Structure of transcripts from the
homeotic Antennapedia gene of Drosophila melanogaster: two
promoters control the major protein-coding region. Mol. Cell.



VoL. 7, 1987

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

3s.

Biol. 6:4676—4689.

Lemontt, J. F., D. R. Fugit, and V. L. MacKay. 1980. Pleiotropic
mutations at the TUPI locus that affect the expression of
mating-type-dependent functions in Saccharomyces cerevisiae.
Genetics 94:899-920.

Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

Matsumoto, K., I. Uno, and T. Ishikawa. 1984. Identification of
the structural gene and nonsense alleles for adenylate cyclase in
Saccharomyces cerevisiae. J. Bacteriol. 157:277-282.
Matsumoto, K., I. Uno, and T. Ishikawa. 1984. Regulation of
repressible acid phosphatase by cyclic AMP in Saccharomyces
cerevisiae. Genetics 108:53-66.

Miller, J. H. 1972. Experiments in molecular genetics. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.
Neigeborn, L., and M. Carlson. 1984. Genes affecting the
regulation of SUC2 gene expression by glucose repression in
Saccharomyces cerevisiae. Genetics 108:845-858.

Neigeborn, L., and M. Carlson. 1987. Mutations causing consti-
tutive invertase synthesis in yeast: genetic interactions with snf
mutations. Genetics 115:247-253.

Norrander, J., T. Kempe, and J. Messing. 1983. Construction of
improved M13 vectors using oligodeoxynucleotide-directed mu-
tagenesis. Gene 26:101-106.

Pinkham, J. L., J. T. Olesen, and L. P. Guarente. 1987.
Sequence and nuclear localization of the Saccharomyces cere-
visiae HAP2 protein, a transcriptional activator. Mol. Cell. Biol.
7:578-585.

Poole, S. J., L. M. Kauvar, B. Drees, and T. Kornberg. 1985.
The engrailed locus of Drosophila: structural analysis of an
embryonic transcript. Cell 40:37—43.

Rigby, P. W. J., M. Dieckmann, C. Rhodes, and P. Berg. 1977.
Labeling deoxyribonucleic acid to high specific activity in vitro
by nick translation with DNA polymerase 1. J. Mol. Biol. 113:
237-251.

Rothstein, R. J. 1983. One-step gene disruption in yeast. Meth-
ods Enzymol. 101C:202-210.

Rothstein, R. J., and F. Sherman. 1980. Genes affecting the
expression of cytochrome ¢ in yeast: genetic mapping and
genetic interactions. Genetics 94:871-889.

Sanger, F., S. Nicklen, and A. Coulsen. 1977. DNA sequencing
with chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA
74:5463-5467.

36.

37.

38.

39.

41.

42.

43.

45.

47.

SSN6 GENE OF S. CEREVISIAE 3645

Sarokin, L., and M. Carlson. 1985. Upstream region of the
SUC2 gene confers regulated expression to a heterologous gene
in Saccharomyces cerevisiae. Mol. Cell. Biol. 5:2521-2526.
Sarokin, L., and M. Carlson. 1985. Comparison of two yeast
invertase genes: conservation of the upstream regulatory re-
gion. Nucleic Acids Res. 13:6089-6103.

Schamhart, D. H. J., A. M. A. Ten Berge, and K. W. Van De
Poll. 1975. Isolation of a catabolite repression mutant of yeast as
arevertant of a strain that is maltose negative in the respiratory-
deficient state. J. Bacteriol. 121:747-752.

Sherman, F., G. R. Fink, and C. W. Lawrence. 1978. Methods in
yeast genetics. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

. Southern, E. M. 1975. Detection of specific sequences among

DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

Sprague, G., and 1. Herskowitz. 1981. Control of yeast cell type
by the mating type locus. I. Identification and control of
expression of the a-specific gene, BARI. J. Mol. Biol. 153:305-
321.

Stark, H. C., D. Fugit, and D. B. Mowshowitz. 1980. Pleiotropic
properties of a yeast mutant insensitive to catabolite repression.
Genetics 94:921-928.

Thomas, P. S. 1980. Hybridization of denatured RNA and small
DNA fragments transferred to nitrocellulose. Proc. Natl. Acad.
Sci. USA 77:5201-5205.

. Torchia, T. E., R. W. Hamilton, C. L. Cano, and J. E. Hopper.

1984. Disruption of regulatory gene GAL80 in Saccharomyces
cerevisiae: effects on carbon-controlled regulation of the galac-
tose/melibiose pathway genes. Mol. Cell. Biol. 4:1521-1527.
Trumbly, R. J. 1986. Isolation of Saccharomyces cerevisiae
mutants constitutive for invertase synthesis. J. Bacteriol. 166:
1123-1127.

. West, R. W., Jr., R. R. Yocum, and M. Ptashne. 1984. Sac-

charomyces cerevisiae GALI-GALI0 divergent promoter re-
gion: location and function of the upstream activating sequence
UASG. Mol. Cell. Biol. 4:2467-2478.

Wharton, K. A., B. Yedvobnick, V. G. Finnerty, and S.
Artavanis-Tsakonas. 1985. opa: a novel family of transcribed
repeats shared by the Notch locus and other developmentally
regulated loci in D. melanogaster. Cell 40:55-62.

. Wickner, R. B. 1974. Mutants of Saccharomyces cerevisiae that

incorporate deoxythymidine-5'-monophosphate into deoxyribo-
nucleic acid in vivo. J. Bacteriol. 117:252-260.



