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ABSTRACT

In the yeast Saccharomyces cerevisiae, glucose repression of SUC2 transcription requires the SSN6-TUP1
repressor complex. It has been proposed that the DNA-binding protein MIGI secures SSN6-TUP1 to the
SUC2 promoter. Here we show that a mig] deletion does not cause nearly as dramatic a loss of repression
as ssn6: glucose-grown migl mutants display 20-fold lower SUC2 expression than ssn6 mutants. Thus,
repression by SSN6-TUPI is not mediated solely by MIG1, but also involves MIGl-independent mecha-
nisms. We report that mig! partially restores SUCZ expression in mutants lacking the SNF1 protein kinase
and show that migl is allelic to ssnl, a mutation selected as a suppressor of snfl. Other SSN genes
identified in this selection were therefore candidates for a role in repression of SUC2. We show that migl
acts synergistically with ssn2 through ssn5, ssn7, and ssn8 to relieve glucose repression of SUC2 and to
suppress the requirement for SNF1. These findings indicate that the SSN proteins contribute to repression
of SUC2, and the pleiotropic phenotypes of the ssn mutants suggest global roles in repression. Finally,
the regulated SUC2 expression observed in snfl migl mutants indicates that signals regarding glucose

availability can be transmitted independently of the SNF1 protein kinase.

N the yeast Saccharomyces cerevisiae, mutations in
SSN6 (CYC8) or TUPI affect negative regulation of
gene expression and cause pleiotropic defects in a va-
riety of cell processes, including glucose repression, mat-
ing, sporulation and flocculation (for review, see
Jonnston and CarLsoN 1992; TrRumBLY 1992). Genetic
and biochemical evidence suggests that SSN6 and TUP1
proteins function together as a general repressor of tran-
scription. The two proteins are physically associated with
one another (WILLIAMS ¢t al. 1991), and a LexA-SSN6
fusion protein, bound to DNA via a lexA operator, re-
presses target gene expression by a TUPl-dependent
mechanism (KELEHER et al. 1992). SSN6 and TUP1 have
no apparent DNA-binding domains (SCHULTZ et al. 1990;
WiLLIAMS and TRUMBLY 1990), and KELEHER et al. (1992)
postulated that the SSN6-TUP1 complex is tethered to
the promoter region of specific genes via interaction
with gene-specific DNA-binding proteins. They pro-
vided evidence that SSN6 and TUP1 are recruited to cell
type-specific genes by the al, @2 and MCM1 DNA-
binding proteins.

In this study, we address the mechanism by which
SSN6 and TUPI effect glucose repression of the SUC2
(invertase) gene. KELEHER et al. (1992) suggested that
MIGI might tether the SSN6-TUP1 complex to the regu-
latory regions of SUC2 and other glucose-repressible
genes. The MIGI gene was isolated as a multicopy in-
hibitor of the GALI promoter (NEHLIN and RONNE
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1990). MIG1 encodes a zinc-finger protein that binds to
the SUC2, GAL4, and GALI promoters, and deletion of
the gene partially relieves glucose repression (NEHLIN
and RoNNE 1990; NEHLIN et al. 1991; FLICK and JOHNSTON
1992).

Here we examine the role of MIG1 in mediating re-
pression of SUC2 by SSN6-TUP1. Our genetic studies
are consistent with the postulated role of MIG1 as a teth-
ering protein. However, our data also suggest that re-
pression by SSN6 involves MIGl-independent mecha-
nisms because the deletion of MIGI does not cause
nearly as dramatic a loss of repression of SUC2 as de-
letion of SSN6.

Genetic evidence suggested additional candidate
genes that might be involved in repression of SUC2. A
selection that yielded ssz6 mutations also identified
seven other loci: ssnl through ssn5, ssn7, and ssn8 (ssn,
for suppressor of snfl) (CarLsoN et al. 1984). These
mutations suppress growth defects of mutants lacking
the SNF1 (CAT1/CCRI1) protein kinase, which is re-
quired for release from glucose repression (CELENZA and
CARLSON 1986; SCHULLER and ENTIAN 1987). The ssn mu-
tations alleviate the SUC2 derepression defect of a snfl
mutant to varying extents, and all except ssn! cause striking
clumpiness. None is allelic to tupl (L. NEIGEBORN and
M. CaRLSON, unpublished results).

In this study we show that a migIA mutation partially
suppresses snflA mutant defects and that MIGI is the
same gene as SSNI1. We present evidence that migl acts
synergistically with ssn2 through ssn5, ssn7 and ssn8 to
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TABLE 1

Strains used in this study

Strain*® Genotype

MCY363 MATa snfl-28 ssn3-1 ade2-101 gal2? SUC2

MCY438 MAT a snf1-28 ssn5-4 ura3-52 his4-539 gal2? SUC2

MCY442 MAT a snfl-28 ssn4-1 ade2-101 gal2? SUC2

MCY447 MAT a snfl-28 ssn2-4 ade2-101 ura3-52 his4-539
suc2

MCY456 MAT a snf1-28 ssn7-1 ade2-101 his4-539 gal2 SUC2

MCY479 MAT a snf1-28 ssn8-1 ade2-101 lys2-801 gal2?
svcz

MCY388 MATa snf4A1 ura3-52 lys2-801 gal2? SUC2

MCY1094  MATa ura3-52 ade2-101 SUC2

MCY1253  MATa ssnl-6 lys2-801 ade2-101 SUC2

MCY1594  MATa snflA3 leu2::HIS3 ura3-52 lys2-801 ade2-101
Suc2

MCY1595  MATa snflA3 ura3-52 his4-539 lys2-801 his3A200
N Yo

MCY1705  MATa ssn6A5::URA3 ura3-52 his4-539 lys2-801
SuUc2

MCY1752  MATa snflA3 ura3-52 ade2-101 his4-539 gal2
Sucz

MCY1773  MATa snflA3 ssnl-6 ura3-52 lys2-801 SUC2

MCY1920 MATa miglA2::LEU2 ura3-52 lys2-801 leu2::HIS3
N o]

MCY1921  MATa miglA2::LEU2 ura3-52 his4-539 SUC2

MCY1941  MATa snflA3 miglA2::LEU2 ura3-52 his4-539
lys2-801 ade2-101 gal2? SUC2

MCY1943  MATa snfIA3 miglA2::LEU2 ura3-52 his4-539
gal2? SUC2

MCY1958  MATa ssn6A9 ura3-52 his4-539 lys2-801 leu2-3,112
sUCc2

MCY3308  MATa snfIA3 or -28 ssn3-1 miglA2::LEU2 ura3-52
his4-539 gal2? SUC2

MCY3311  MATa snflA3 or -28 ssn4-1 miglA2::LEU2 ura3-52
his4-539 lys2-801? gal2? SUC2

CSH91L MATa ura3 adel hisl leu2 lys7 met3 trp5 SUC+

YM3920° MAT o miglA2::URA3 ura3-52 his3A200 ade2-101

lys2-801 gal80-538 SUC2

¢ All strains have the $288C genetic background except CSH91L.
’ Obtained from MARK JOHNSTON

relieve glucose repression of SUCZ2 and to suppress the
requirement for SNF1.

MATERIALS AND METHODS

Yeast strains: All strains have the S288C genetic back-
ground except where noted (Table 1). The MIGI locus was
disrupted by integration of the miglA2 allele (NEHLIN and
RonNE 1990) which replaces codons 67-460 with LEU2 (called
here miglA2::LEU2) or URA3 (miglA2::URA3). Disrup-
tions were verified by Southern analysis. For ssn mutations
other than ssn6, triple mutants (snfl migl ssn) and double
mutants (snfl migl; snfl ssn) were segregants from crosses of
MCY447, MCY363, MCY442, MCY438, MCY456 or MCY479 to
MCY1943 carrying pCE9 or were derived from such seg-
regants by further crossing. pCE9 contains SNFI cloned in
YEp24, which carries URA3 (CELENZA and CarLsON 1989).
The desired strains were initially identified by 2-deoxy-
glucose (2DG) resistance and clumpy growth (migl and ssn
phenotypes, respectively), and genotypes were confirmed by
complementation after plasmid loss. To select for loss of
pCE9, spore clones were patched onto YPD and replica
plated or streaked onto medium containing 5-fluoroorotic
acid (5-FOA); loss of the plasmid was confirmed by testing
on SD-Ura medium.

Strains of genotype snfl migl, migl ssné6, snfl ssné or snfl
migl ssn6 were recovered from a cross between MCY1941
(snflA3 miglA2::LEU2) and MCY1958 (ssn6A 9). The snfl
mutation was followed by scoring growth on glycerol or
galactose. Strains were transformed with pCE9 for assays in
Figure 2.

Genetic methods and media: Standard methods were used
for genetic analysis and transformation (ROsE et al. 1990). Uti-
lization of sugars was scored by anaerobic growth on solid rich
medium (YEP) containing 2% glucose (YPD), sucrose (YPS),
or raffinose (YPR). Utilization of glycerol was scored on
YEP-3% glycerol. Strains with plasmids were scored on selective
synthetic medium containing 2% glucose (SD) or sucrose (SS)
or selective synthetic complete medium with 2% glucose (SC),
sucrose (SCS) or raffinose (SCR). Cell suspensions were spot-
ted onto solid medium and incubated at 30°. Clumpy strains
were suspended in 20 mM EDTA prior to spotting to disperse
the clumps. Resistance to 2DG was scored by anaerobic growth
on YPS or SCS medium containing 200 pg/ml 2DG.

Invertase assays: Glucose repressed and derepressed cells
were prepared from exponentially growing cultures as de-
scribed previously (VALLIER and CaARLsON 1991). For derepres-
sion, cells were shifted to medium containing 0.05% glucose
for 2.5 hr. Strains containing plasmids were grown in SG-Ura.
For clumpy strains, cell density was measured after addition of
EDTA to 20 mm. Secreted invertase was assayed in whole cells,
and activity is expressed as micromoles of glucose released per
minute per 100 mg (dry weight) of cells.

RESULTS

MIGl-independent mechanisms contribute to repres-
sion of SUC2 by SSN6: KELEHER ¢t al. (1992) suggested
that the MIG1 protein might serve to tether the SSN6-
TUPI complex to the SUCZ regulatory region to effect
transcriptional repression. This simple model predicts
that a migl mutation should relieve glucose repression
of SUC2 to the same extent as an ssn6 mutation. To test
this prediction, we compared the effects of migIA and
ssn6A mutations in the S288C genetic background.
migIA mutants grown in 2% glucose produced about
10% of the wild-type derepressed invertase activity. NEH-
LIN and RoONNE (1990) also reported a partial release
from glucose repression in migl mutants of the W303
strain background. In contrast, glucose-repressed ssn6A
mutants produced greater activity than derepressed wild
type (Table 2). Thus, migl is much less effective than
ssn6 in relieving glucose repression, indicating that the
MIGI protein does not mediate the major repressive
effect of SSN6 on SUCZ transcription. These data do not
exclude the model that repression by SSN6-TUP1 is me-
diated partly via MIG1.

migl partially suppresses defects of snfIA mutants:
Mutations in SSN6 or TUPI allow SUCZ2 expression in
a snfl mutant, suggesting that the SNF1 kinase activity
is required for release of repression by the SSN6-TUP1
proteins (ScHULTZ and CaRLsoN 1987; WiLLiaMs and
TrumBLy 1990). If MIG1 is involved in this repression
mechanism, a migl mutation would be predicted to
function as a suppressor of snfl. To test this idea, we car-
ried out tetrad analysis of a cross heterozygous for both
miglA2::LEU2and snfIA (MCY1752 X MCY1920). The



Synergy of migl and ssn Mutations 51

TABLE 2

migl is less effective than ssn6 in relieving glucose
repression of invertase

Invertase activity”

Relevant genotype Repressed Derepressed
Wild type 1 284
miglA2::URA3 20 297
miglA2::LEU2 30 406
ssn6A5::URA3 390 1280
ssn6A 9 493 1650
ssn6A 9 miglA2::LEU2 414 1350

“ Repressed and derepressed cultures were grown in rich medium
as described in MATERIALS AND METHODS. Values are averages of at least
two assays, usually of two or more different strains. Standard errors
were less than 25%.

TABLE 3

migl partially suppresses snfl and snf# invertase defects

Invertase activity”

Relevant genotype Repressed Derepressed
Wild type 1 284
snflA3 <1 <1
snf4A 1 <1 4
snflA3 miglA2::LEU2 4 54
snf4A1 miglA2::LEU2 3 112
snfIA3 ssnl-6 4 35
snf4A1 ssnl-6 7 161
ssnl-6 7 283

“ Values are averages of at least two assays, usually of two or more
different strains. Cultures were grown in rich medium. Standard
errors were less than 25%.

double mutant segregants grew on sucrose and raffinose
(substrates of invertase), and to some extent on galac-
tose and glycerol. The miglA2::LEU2 mutation re-
stored invertase derepression to 20% of the wild-type
level in snflIA mutants (Table 3). In addition, the
double mutants produced low levels of invertase under
repressing conditions. In an analogous cross (MCY888
X MCY1921), we tested the effects of mig! in a mutant
lacking the SNF4 (CAT3) protein, which is required as
a positive effector of the SNF1 kinase activity (CELENZA
and CARLSON 1989; CELENZA et al. 1989; SCHULLER and
ENTIAN 1988). The miglA2 mutation was found to re-
store raffinose growth and derepression of invertase (to
40% of the wild-type level) in snf4A strains (Table 3).
These data are consistent with the view that MIG1 func-
tions with the SSN6-TUP1 proteins, downstream of
SNF1.

It is noteworthy that invertase expression was regu-
lated 14- and 37-fold in snfIA migIA and snf4A miglA
mutants, respectively, in response to glucose availability.

MIG1 is the same gene as SSNI: The suppression of
snfl mutant defects by a migl mutation raised the pos-
sibility that mig1 is allelic to one of the previously iden-
tified suppressors of snfl, ssnl through ssn8 (CARLSON
et al. 1984). These ssn mutations remedied growth de-

Strain Plasmid glucose
WT pMIG1

snfl migl pMIGI

sucrose

snfl ssn1  pMIGI

snfl ssn1  YEp 24
snfl migl YEp24

WT YEp 24

FIGURE 1.—pMIG1 complements the ssnl mutation. Two
representative transformants of strains MCY1094, MCY1943
and MCY1773 carrying pMIG1 or YEp24 were spotted on SD-
Ura (glucose) and SS-Ura (sucrose). Plates were photo-
graphed after 48 hr at 30°. WT, wild type.

fects of a snfl point mutant and showed varying degrees
of efficacy in restoring invertase derepression. All
caused striking clumpiness except ssn I, which was there-
fore the most likely candidate for allelism with mig!. To
assess the relationship between migl and ssnl, we first
determined whether ssnl suppresses snfI and snf4 null
mutations by constructing double mutants. The ssn1-6
allele suppressed the growth defects caused by snfIA
and snf4A, conferring a Suc® (sucrose) and Raf" (raf-
finose) phenotype, and restored derepression of inver-
tase to 12% and 60% of the wild-type level, respectively
(Table 3). Thus, ssnl-6 and migIA show similar sup-
pressor phenotypes.

To test migl and ssnl for complementation, we
crossed snflA3 ssnl-6 and snfIA3 miglA2::LEU2
strains (MCY1773 X MCY1943). The diploid exhibited
a Suc™ Raf" phenotype, indicating that the mutations
fail to complement. Control snfl/snfl diploids het-
erozygous for ssml or migl were Suc™ Raf”. We also
tested the cloned MIG1 gene for complementation of
ssnl. Transformation of MCY1773 (snfIA3 ssnl-6)
with plasmid pMIG1 (NEHLIN and RONNE 1990) caused
a Suc'phenotype (Figure 1) and reduced invertase de-
repression more than tenfold (data not shown).

We then tested the linkage of ssn 1 to trp5, which is 5.4
cM from migl on chromosome VII (NEHLIN and RONNE
1990), by tetrad analysis of the cross MCY1773 (snfIA3
ssnl-6) by CSHI1L (trp5). The snfl segregants were
scored for the ssnl-6 suppressor. Of the 38 Suc™ (snf1
ssnl) segregants, 35 were Trp*; of the 29 Suc™ (snfl
SSN1) segregants, 27 were Trp~. Thus, ssnl is tightly
linked to trp5.

We next tested directly for allelism between migl and
ssnl. We crossed MCY1943 (snfIA miglA2::LEU2) car-
rying pCE9, a multicopy SNFI plasmid marked with
URA3 (CELENZA and CArRLsoN 1989), to MCY1773
(snfl1A3 ssn1-6) and examined 31 tetrads in which aux-
otrophic markers segregated 2+:2-. Segregants lacking
the plasmid were recovered by selection on 5-FOA. For
27 tetrads, growth on sucrose segregated 4+:0-. In four
tetrads, one segregant initially scored Suc™ but upon re-
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testing freshly grown cells, displayed a Suc* phenotype;
we have in other instances observed similar instability of
the ssn 1 suppression phenotype (unpublished results).
Therefore, all segregants in the 31 tetrads appeared to
carry a suppressor of snfl. Taken together, the comple-
mentation and linkage data indicate that MIGI and
SSN1 are the same gene.

migl and other ssn mutations act synergistically to
relieve glucose repression: Because migl mutations re-
lieve glucose repression much less effectively than ssné,
we considered the possibility that other proteins besides
MIG1 mediate effects of SSN6 on SUC2 expression. Mu-
tations in the six other SSN loci were recovered in the
same selection for suppressors of snfI that yielded migl
and ssn6. Thus, the six other SSN proteins seemed likely
candidates for such a role.

To test the idea that other SSN proteins function to-
gether with MIG1 in repression, we constructed double
mutants carrying migl and each of the mutations ssn2,
ssn3, ssn4, ssnS, ssn7 and ssn8, henceforth referred to
collectively as ssn mutations (ssn6 is considered sepa-
rately below). We crossed each of the snfl ssn strains
(see MATERIALS AND METHODS) to a snfIA 3 migIA2::LEU2
strain carrying pCE9, which provides the SNF1 function
required for sporulation. Segregants carrying pCE9
were assayed for invertase activity under repressing con-
ditions (Figure 2). Strains carrying a single migl or ssn
mutation showed low level or no constitutive invertase
activity (ranging from undetectable for ssn7 to 10 units
for ssn8 and migl). Strains containing mtgl in combi-
nation with an ss» mutation gave strikingly higher in-
vertase activity than migl strains (4-~11-fold higher) or
the corresponding ssn strain (10-100-fold higher).
Thus, migl acts synergistically with ssn2, ssn3, ssn4,
ssn3, ssn7 and ssn8 to relieve glucose repression of
invertase.

migl and other ssn mutations act synergistically in
suppression of snfl: To determine whether migl and
the other ssn mutations also act synergistically as sup-
pressors of snfl, we selected for loss of the pCE9 plasmid
from the above strains using 5-FOA. Under derepressing
conditions, all of the snfl migl ssn triple mutants
showed much greater invertase activity than any of the
snfl ssm double mutants and and at least fourfold
greater activity than snfl migl strains (Table 4). Under
glucose repressing conditions, constitutive invertase ac-
tivity in the triple mutants ranged from 4 to 16-fold
greater than that of snfl migl strains. Thus, migl and
each of the ssn mutations function synergistically in sup-
pression of the snfl invertase defect.

Interaction of the migl and ssn6 mutations: If MIG1
contributes to repression of SUC2 by tethering the
SSN6-TUP1 complex, then mutations in migl and ssn6
should not show synergy for relief of repression. To ex-
amine the relationship between ssn6 and migl, we com-
pared ssn6 migl strains and the ssn6 parent. The double

TABLE 4

Invertase activity of snfl migl ssn triple mutants

Invertase activity’

snfl ssn MIGI miglA2::LEU2
genotype®  Repressed Derepressed Repressed Derepressed
snfl SSN <1 <1 6 58
snfl ssn2-4 <1 1 50 300
snfl ssn3-1 2 2 69 332
snfl ssnd-1 <14 34 96 517
snfl ssn5-4 <1 1 37 286
snfl ssn6A9 366 1000 439 1110
snfl ssn7-1 1 1 67 275
snfl ssn8-1 2 3 22 251

* snfl allele is either snfl-28 or snflA3.

*Values are the average of 2-11 assays of one to three strains with
standard errors usually less than 20%. Cultures were grown in rich
medium {YEP).

“The snfl ssn miglA strains are the same strains used in Figure 2,
except they lack pCE9. Cultures used for assays were tested on SD-Ura
to confirm absence of the plasmid.

“Data taken from CARLSON et al. (1984).

mutants showed constitutive invertase expression com-
parable to, but not greater than, ssné single mutants
(Table 2). Comparison of snfI ssné and snfl ssn6 migl
strains showed no substantial differences in invertase ex-
pression (Table 4), indicating that the combination of
migl and ssm6 does not result in a significantly en-
hanced suppression phenotype. In assays of snfl ssné
and snfl ssn6 migl mutants carrying pCE9, the migl
strains showed somewhat greater invertase activity, but
the values were only 1.5-fold higher (Figure 2). These
results are consistent with the model that MIG1 func-
tions as a DNA-binding protein that associates SSN6-
TUP1 with the SUCZ2 regulatory region.

DISCUSSION

Glucose repression of SUC2 transcription is depend-
ent on the SSN6 and TUP1 proteins. KELEHER et al.
(1992) have proposed that the SSN6-TUP1 complex is
tethered to the SUC2 promoter by the DNA-binding
protein MIG1. Our data are consistent with this model
in two respects. First, both migl and ssn6 are suppres-
sors of snfl, suggesting that both MIG1 and SSN6 could
function together downstream of the SNF1 kinase. Sec-
ond, migl and ssn6 mutations do not show synergistic
loss of repression. Additional support for this model
comes from evidence that a LexA-MIGI fusion protein
represses target gene transcription in an SSN6- and
TUPl-dependent manner (M. TREITEL and M. CARLSON,
unpublished results).

However, our findings do not support the idea that
the major repressive effects of SSN6-TUP1 on SUC2 are
achieved via the tethering function of MIGI1. Disruption
of MIG1 causes only partial release from glucose repres-
sion while mutations in SSN6 or TUPI cause dramatic
loss of repression. The simple interpretation of these






