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The yeast (Saccharomyces cerevisiae) Snf7 family consists of six highly charged, coiled-coil-forming proteins
involved in multivesicular body (MVB) formation. Although all proteins perform a common function at late
endosomes, individual mutants also show distinct phenotypes. This suggests that Snf7 homologues have
additional functions separate from their role in MVB formation. In this report, we explored the molecular basis
for the sucrose-nonfermenting phenotype of snf7 mutants. Our Northern blotting experiments provide evidence
that Snf7 is involved in the regulation of SUC2 transcription. The Snf7-dependent regulation of SUC2
transcription does not appear to involve the transcription factor Mig1, since Mig1 phosphorylation after
glucose derepression was not affected in a �snf7 mutant. Instead, we show that Snf7 influences SUC2
expression by regulating the level of the transcription factor Nrg1. Snf7 exerts its effects on Nrg1 levels through
activation of the transcription factor Rim101, which is part of the yeast alkaline response pathway (“Rim101
pathway”). This is supported by the findings that deletion of RIM101 or overexpression of NRG1 from the
ADH1 promoter leads to the same SUC2 expression level as deletion of SNF7. In addition, deletion of other
components of the Rim101 pathway, like RIM13 and RIM20, led to the same growth phenotype on raffinose
media as deletion of SNF7. Furthermore, Snf7 turned out to be dispensable for SUC2 expression in an NRG1
deletion background. Thus, the effects of Snf7 on SUC2 expression can be completely accounted for by its effect
on Nrg1 levels.

The class E vacuolar protein sorting (Vps) proteins are in-
volved in the formation of vesicles that bud into the interior of
late endosomes forming a multivesicular body (MVB) (18).
Endocytic cargo is incorporated into these vesicles. When the
MVB fuses with the vacuole, the vesicles are released into the
vacuolar lumen and proteins contained in the vesicles are de-
graded. Class E proteins have been grouped into three protein
complexes, ESCRT-I, -II and -III, associated with the endoso-
mal membrane (22). It is thought that these complexes act
consecutively in cargo recruitment and MVB vesicle forma-
tion. The ESCRT-III complex consists of four proteins: Did4/
Vps2, Snf7/Vps32, Vps20, and Vps24/Did3. The ESCRT-III
proteins are part of a protein family of highly charged coiled-
coil-forming proteins with six members in yeasts (1, 6, 8). The
two members of this family (Did2/Vps46, Mos10/Vps60) that
have not been mapped to ESCRT-III are class E proteins as
well and are also required for late endosome function.

Here, we focus on the Snf7 protein. Originally, this protein
was identified in a screen for mutants defective for growth on
sucrose as a carbon source (snf represents sucrose nonferment-
ing) (15). The enzyme invertase encoded by the SUC2 gene is
required for sucrose utilization. SUC2 is expressed under low-
glucose conditions and repressed by high glucose. Most of the
snf mutants isolated in the screen turned out to be defective for

invertase derepression under low-glucose conditions. Two
classes of Snf proteins could be distinguished: proteins in-
volved in glucose signaling (Snf1 and -4) (7) and proteins that
are part of the Swi-Snf chromatin-remodeling complex (Snf2,
-5, -6, and -11) (29). Two additional Snf proteins, Snf7 and
Snf8/Vps22 (a component of ESCRT-II), are found among the
collection of class E Vps functions. How the snf phenotype is
related to the endosomal function of these proteins is unclear.

By genome-wide screening (mostly two-hybrid screens), sev-
eral proteins interacting with Snf7 have been identified. One
interaction partner is the class E Vps protein Bro1/Vps31,
which appears to act late in the MVB pathway, probably after
or at the level of ESCRT-III (17, 19). Bro1 seems to coordinate
the deubiquitination of endocytic cargo proteins by recruiting
the deubiquitinating enzyme Doa4 to endosomes (13). An-
other interaction partner is the Bro1 homologue Rim20.
Rim20 is one of the components of the Rim101 pathway that
is involved in the transcriptional response to alkaline pH (30).
Despite the homology to Bro1, Rim20 does not appear to have
an endosomal function. In addition to Rim20, a further com-
ponent of the Rim101 pathway, Rim13, a calpain-like cysteine
protease, interacts with Snf7. Further interaction partners are
Vps20, which forms a subcomplex of ESCRT-III with Snf7,
and Vps4, an AAA ATPase involved in disassembly of ESCRT
complexes at endosomes (3).

The six proteins of the Snf7 family are all required for late
endosome function, yet mutants of individual members of this
family have distinct phenotypes (8). This points to additional
nonendosomal functions for these proteins. We analyzed the
role of Snf7 in expression of the glucose-repressed SUC2 gene.
We found that Snf7 affects SUC2 transcription at a step after
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Mig1 inactivation and mediates its effects on SUC2 via the
Rim101 pathway.

MATERIALS AND METHODS

Yeast strains. The yeast (Saccharomyces cerevisiae) strains used are listed in
Table 1. Deletion strains and strains carrying tagged gene variants were derived
from the wild-type strain, JD52. They were constructed by one-step gene re-
placement with PCR-generated cassettes (12). The deletions and insertions were
verified by PCR.

Phosphatase treatment. Cells were grown overnight to exponential phase
(optical density at 600 nm [OD600] of �0.8 [5 � 107/ml]) in YPD (yeast extract,
peptone, dextrose) medium. Cells at an OD600 of 4 were pelleted and heated at
95°C for 5 min. After resuspension in 100 �l sodium dodecyl sulfate (SDS) gel
sample buffer (2% SDS, 10% glycerol, 60 mM Tris-Cl [pH 6.8], 0.1% bromphe-
nol blue, 20 mM dithiothreitol), the cells were broken by agitation with glass
beads for 5 min at 4°C and then centrifuged for 5 min at 500 � g to remove cell
debris. The supernatant was diluted 1:5 with 60 mM Tris-Cl (pH 6.8). An aliquot
corresponding to an OD600 of 2 of cells was incubated with 5 U calf intestine
phosphatase for 4 h at 37°C. The control samples without phosphatase were
treated in the same way. After addition of 1 volume of 2� SDS gel sample buffer,
the samples were heated again for 5 min at 95°C and then loaded onto the gel.

Preparation of cell extracts for Western blotting. Cells were grown overnight
to exponential phase (OD600 of �0.8 [5 � 107/ml]) in YPD medium. Cells at an
OD600 of 4 were pelleted, washed in cold 10 mM NaN3, and then resuspended
in 100 �l cold lysis buffer (50 mM HEPES, 0.3 M sorbitol, 10 mM NaN3, pH 7.5,
plus protease inhibitor cocktail). Cells were broken by agitation with glass beads
for 5 min at 4°C. After addition of 1 volume of 2� SDS gel sample buffer,
proteins were solubilized at 50°C for 15 min. Cell debris was removed by a 13,000 �
g spin for 2 min in a tabletop centrifuge. An aliquot corresponding to an OD600

of cells of 0.2 was loaded onto a SDS-polyacrylamide gel electrophoresis gel and
examined by Western blotting.

Northern blotting. For RNA isolation, cells were grown overnight to expo-
nential phase (OD600 of �0.8 [5 � 107/ml]) in YPD medium. Cells at an OD600

of 4 were harvested and resuspended in 200 �l extraction buffer (0.5 M NaCl, 0.2
M Tris-Cl [pH 7.6], 10 mM EDTA, 1% SDS). After addition of 400 mg glass
beads and 200 �l of a 1:1 mixture of phenol-chloroform, the samples were
vortexed for 2.5 min. Then 300 �l extraction buffer and 300 �l phenol-chloro-
form were added and the samples were vortexed again for 1 min. After 5 min of
centrifugation in a tabletop centrifuge at full speed, the aqueous phase was
recovered and reextracted with 1 volume of phenol-chloroform. The aqueous
phase was mixed with 2 volumes of ethanol and spun for 10 min at full speed. The
pellet was washed two times with 3 M Na-acetate (pH 6) to remove DNA,
washed with 1 ml 70% ethanol, and finally resuspended in 100 �l sterile H2O.
The RNA was separated on a formaldehyde agarose gel, blotted to a GeneScreen
Plus membrane (Perkin Elmer, Boston, MA), and hybridized to specific DNA
probes according to the instructions of the manufacturer. Autoradiograms were
scanned, and the signal intensities were quantified with the program ImageJ
(http://rsbweb.nih.gov/ij/). SUC2 signals were normalized to the actin signal.

Invertase assay. Yeast cells grown overnight to the exponential phase (OD600

of �0.8 [5 � 107/ml]) in YPD plus 5% glucose at 25°C were harvested, washed
in H2O, and resuspended in YPD plus 0.1% glucose. At time intervals after the
shift to low glucose, cell extracts were prepared and invertase activity was de-
termined. For determination of invertase activity, cells at an OD600 of 1 were
harvested, washed twice in 10 mM NaN3, and resuspended in 100 �l 0.1 M
Na-acetate (pH 5). After breakage of the cells by glass beading for 5 min, 150 �l
0.1 M Na-acetate (pH 5) was added and cell debris was removed by centrifuga-
tion at 500 � g for 5 min. Five microliters of the supernatant was mixed with 100
�l 0.1 M Na-acetate (pH 5) and 25 �l of freshly prepared 0.5 M sucrose and
incubated for 20 min at 37°C. The reaction was stopped by the addition of 150 �l
0.2 M K2HPO4 and heating at 95°C for 3 min. After cooling on ice, 1 ml reaction
mix (2.5 mg/ml glucose oxidase, 0.5 mg/ml peroxidase, 0.3 mg/ml o-dianisidine,
0.1 M K phosphate [pH 7]) was added. After incubation at 37°C for 30 min, the
reaction was stopped by the addition of 6 M HCl and the A540 was measured in
a spectrophotometer.

RESULTS

Deletion mutants of SNF7 family members show distinct
phenotypes. The Snf7 family proteins perform a function at
late endosomes, probably as part of a larger protein complex
(1, 2, 8). The phenotypes of SNF7 family member mutants,
however, suggested that these proteins carry out additional
functions. To investigate this more systematically, deletion mu-
tants of all six SNF7 family members were examined for their
growth phenotypes under conditions that activate different cell
signaling pathways (Fig. 1). Cells were incubated at elevated
temperature (37°C) to test for a role in heat shock signaling.
To see whether the Snf7 homologues are involved in glucose
derepression, glucose-grown cells were spotted onto plates
containing raffinose as the sole carbon source. Cells that are
defective in glucose derepression, as suggested previously for
snf7 mutants, cannot grow on raffinose and on other carbon
sources whose utilization is prevented by the presence of high
concentrations of glucose in the growth medium. Also, cells
were spotted onto plates containing the cell-wall-disturbing
agent Congo red and onto plates containing caffeine. Both
Congo red and caffeine activate the Slt2–mitogen-activated
protein (MAP) kinase cell integrity pathway (23).

Deletion mutants of the four Snf7 homologues that were
assigned to the ESCRT-III complex (Did4, Snf7, Vps20, and
Vps24) resembled each other in that they were all sensitive to
high temperature (37°C) and 10 mM caffeine. However, in
addition, these mutants also showed distinct growth pheno-
types: the �snf7 and �vps20 mutants grew poorly on raffinose
but were unaffected by Congo red (Fig. 1A), whereas the
opposite was true for the �did4 and �vps24 mutants (Fig. 1B).
A completely different pattern of growth phenotypes was ob-
served for the deletion mutants of the other two Snf7 homo-

TABLE 1. Yeast strains used in this study

Straina Genotype Source

JD52 MATa his3-�200 leu2-3,112
lys2-801 trp1-�63 ura3-52

J. Dohmen, Cologne,
Germany

JD116 �doa4::LEU2 J. Dohmen, Cologne,
Germany

RKY1511 �vps4::HIS3 This study
RKY1654 �mos10::HIS3 This study
RKY1728 �did2::HIS3 This study
RKY1730 �vps24::HIS3 This study
RKY1732 �did4::HIS3 This study
RKY1828 �did4::kanMX �vps24::HIS3 This study
RKY1829 �snf7::HIS3 �vps20::kanMX This study
RKY1835 �did2::HIS3 �mos10::kanMX This study
RKY1852 �snf7::TRP1 This study
RKY1853 �vps20::TRP1 This study
RKY1876 �vps27::kanMX This study
RKY1922 �bro1::kanMX This study
RKY2058 MIG1::13 myc-HIS3 This study
RKY2100 �rim20::kanMX This study
RKY2102 �rim13::kanMX This study
RKY2104 �snf7::kanMX MIG1::13

myc-HIS3
This study

RKY2175 �rim101::HIS3 This study
RKY2176 NRG1::3HA-HIS3 This study
RKY2180 �snf7::TRP1

NRG1::3HA-HIS3
This study

RKY2206 �nrg1::HIS3 This study
RKY2207 �snf7::TRP1 �nrg1::HIS3 This study
RKY2208 ADH1p-3HA::NRG1::HIS3 This study
RKY2284 �rim13 NRG1::3HA-TRP1 This study
RKY2285 �rim20 NRG1::3HA-TRP1 This study
RKY2286 �rim101 NRG1::3HA-TRP1 This study

a All strains were derived from JD52.
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logues that have not been mapped to the ESCRT-III complex.
While the �mos10 strain grew like the wild type under all
conditions tested, the only phenotype observed for the �did2
strain was temperature sensitivity.

Interestingly, two each of the ESCRT-III mutants (�snf7/
�vps20 and �did4/�vps24) showed exactly the same pattern of
growth phenotypes. This is in line with earlier observations that
Snf7/Vps20 and Did4/Vps24 form subcomplexes of the
ESCRT-III complex (2). The pairwise identity of growth phe-
notypes suggests that the two proteins of each subcomplex
perform a common function. If this notion is correct, the dou-
ble-deletion mutant of one pair should show the same pheno-
type as the single mutants. This is what we observed. In con-
trast, the �did2 �mos10 double mutant showed a synthetic
growth phenotype not observed with the single mutants, i.e.,
sensitivity to Congo red. This suggests that these two proteins
are not part of a common subcomplex but instead perform
parallel functions.

Role of Snf7 in SUC2 expression. The phenotypes of the
Snf7 family deletion mutants suggest that these proteins per-
form additional functions unrelated to their role in MVB for-
mation. To explore this nonendosomal function in more detail,
we focused on the role of Snf7 in invertase expression. Inver-
tase is required for the utilization of carbon sources like su-
crose and raffinose. Its expression from the SUC2 gene is under
glucose control: SUC2 is expressed on low-glucose media and
repressed on high-glucose media. Snf7 is somehow involved in
high-level expression of SUC2 (27, 28). However, how Snf7
participates in SUC2 expression has not been thoroughly in-
vestigated so far.

Several possibilities are conceivable: Snf7 could directly af-
fect transcription of the SUC2 gene, or it could affect later
steps that lead to expression of invertase activity (like nuclear
export of mRNA, translation, or transport and turnover of

invertase). To see whether Snf7 acts at the transcriptional or
posttranscriptional level, Northern blot experiments were per-
formed. Cells were pregrown under repressing conditions (5%
glucose) and were then shifted to inducing medium (0.1%
glucose). At time intervals after a shift to low-glucose medium,
RNA was prepared and examined by Northern blotting for the
amount of SUC2 mRNA. In the wild-type strain, an increase in
the amount of SUC2 mRNA was observed during the time
course of the experiment (2 h) (Fig. 2A). In the �snf7 strain,
SUC2 mRNA also increased but to a much lower level. The
amount of actin mRNA (ACT1) was not affected by the glu-
cose shift, and the amounts were the same in both strains. This
experiment shows that Snf7 affects transcript levels and that it
is required for full derepression of the SUC2 gene after the
shift to low-glucose medium.

Quantification of the Northern blot signals revealed that the
SUC2 expression profile was biphasic (Fig. 2B). After an initial
increase, SUC2 transcript levels drop and then rise again. A
similar observation has been described before (5). It appears
that the SNF7 deletion mainly affects the initial burst of SUC2
transcriptional activity, since the amount of SUC2 transcript at
later time points was comparable to that of the wild type. The
reason for this behavior is at present unclear.

Under high-glucose conditions, expression of the SUC2 gene
is prevented by the Mig1 repressor, which binds to the SUC2
promoter (14). When the glucose concentration drops to low
levels, the Snf1 kinase is activated, which in turn inactivates the
Mig1 repressor through phosphorylation (26). Snf7 could in-
terfere at several steps with this signaling cascade. To see
whether the glucose-signaling cascade is intact in the �snf7

FIG. 1. Growth phenotypes of SNF7 family deletion mutants. Ten-
fold serial dilutions of overnight cultures of different yeast strains
grown in YPD medium were spotted onto YPD plates containing 10
mM caffeine, 2% raffinose as the sole carbon source (plus 2 �g/ml
antimycin), or 0.15 mg/ml Congo red, as indicated. Plates were incu-
bated at 25°C, except for one set of plates that were incubated at 37°C.
The following strains were used (from top to bottom): (A) JD52 (wild
type [WT]), RKY1852 (�snf7), RKY1853 (�vps20), RKY1829 (�snf7
�vps20); (B) JD52 (WT), RKY1732 (�did4), RKY1730 (�vps24), and
RKY1828 (�did4 �vps24); and (C) JD52 (WT), RKY1728 (�did2),
RKY1654 (�mos10), and RKY1835 (�did2 �mos10).

FIG. 2. Effect of �snf7 on invertase expression. (A) Northern blot-
ting. JD52 (wild type [WT], lanes 1 to 5) and RKY1852 (�snf7, lanes
6 to 10), pregrown in YPD medium (plus 5% glucose), were trans-
ferred to low-glucose medium (0.1%). At time zero, RNA was pre-
pared at time intervals after the shift to low glucose (as indicated) and
examined for the amounts of SUC2 (upper panel) and ACT1 mRNA
(lower panel) by Northern blotting with specific DNA probes.
(B) Quantification of the Northern blot signals. Closed diamonds,
JD52 (WT); open circles, RKY1852 (�snf7). The SUC2 signals were
normalized to the ACT1 signals.

1890 WEISS ET AL. EUKARYOT. CELL



mutant, we examined whether Mig1 is still phosphorylated after
the shift to low-glucose medium. For detection, Mig1 was marked
with a 13-Myc tag. After the shift to low glucose, more slowly
migrating Mig1 species were observed on Western blots that were
condensed to a sharp band that migrated slightly faster by phos-
phatase treatment (Fig. 3). Both wild-type and �snf7 strains
showed the same phosphorylation pattern. This suggests that the
glucose-signaling cascade resulting in phosphorylation of Mig1 is
still intact in the �snf7 mutant. Thus, Snf7 appears to be involved
in a step independent of Mig1 inactivation.

Effect of class E vps mutants on SUC2 expression. We were
interested to see whether the function of Snf7 in SUC2 expression
is tied to a functional Vps pathway. Therefore, several class E vps
mutants were tested for growth on raffinose plates (Fig. 4). At

least one member each of the different ESCRT complexes was
included in the analysis (22). Lack of growth on raffinose was
observed for vps23 (ESCRT-I), snf8 (ESCRT-II), snf7, and vps20
(ESCRT-III) and doa4. A partial growth defect was seen for
�vps27 (ESCRT-0) and bro1. Basically, the data indicate that the
ESCRT complexes functioning upstream of Snf7 are required for
growth on raffinose medium. Among the ESCRT-III proteins,
only Vps20, which forms a subcomplex with Snf7 (2), is required
for growth on raffinose, while the other members of the complex
are dispensable. Downstream functions, like bro1 and vps4, also
do not seem to be crucial for SUC2 expression. However, some
exceptions from this scheme were noted: Vps37, another subunit
of ESCRT-I, was not required for growth on raffinose and Vps27,
a component of ESCRT-0, was only partially required. On the
contrary, the deubiquitinating enzyme Doa4, which is recruited to
late endosomes by Bro1 and which is involved in deubiquitination
of endocytic cargo proteins (1, 13, 16), appears to be essential for
invertase expression. Since the deubiquitinating activity of Doa4
at endosomes is dependent on Bro1 and since deletion of BRO1
has only a moderate effect on raffinose growth, the �doa4 effect is
probably unrelated to the endosomal function of Doa4.

Regulation of SUC2 expression by the Rim101 pathway. A
similar dependence on ESCRT functions as observed for SUC2
expression has been reported for the alkaline response path-
way (the Rim101 pathway). In response to alkaline pH, the
transcription factor Rim101 is activated by proteolytic cleavage
(11). Snf7 plays a central role in this processing event by re-
cruiting the processing factors Rim13 and Rim20 (30). Because
of the similar requirements for upstream ESCRT functions
(31), we examined whether SUC2 is also a target of the Rim101
pathway by testing rim mutants for growth on raffinose plates
(Fig. 5A). Indeed, we found that rim13, rim20, and rim101

FIG. 5. Growth phenotypes of Rim101 pathway mutants. Tenfold se-
rial dilutions of overnight cultures of different yeast strains grown in YPD
medium were spotted onto YPD plates containing 2% glucose (left pan-
els) or 2% raffinose (right panels) as the sole carbon source (A) or onto
a normal YPD plate (left panel) and a YPD plate containing 0.3 M LiCl
(right panel) (B). Plates were incubated at 25°C for 4 days. The yeast
mutants were derived from the wild-type (WT) strain JD52 and carry
deletion mutations of the genes indicated. NRG1-3HA represents expres-
sion of epitope-tagged Nrg1, and ADH1p-NRG1 represents overexpres-
sion of NRG1 from the ADH1 promoter. �, �, and �, respectively,
indicate growth, some growth, and no growth on raffinose plates.

FIG. 3. Mig1 phosphorylation. RKY2058 (wild type [WT], lanes 1
to 4) and RKY2104 (�snf7, lanes 5 to 8) expressing a 13-Myc-tagged
Mig1 variant from the chromosomal copy of the gene were pregrown
in YPD medium with 5% glucose. Half of the cells were transferred to
low-glucose medium (0.1%) for 1 h, while the other half were further
incubated with 5% glucose. Equal amounts of cell extracts were ex-
amined for Mig1 phosphorylation by Western blotting with anti-myc
antibodies. �, samples treated with phosphatase (even lanes); �, un-
treated samples (odd lanes).

FIG. 4. Growth of “class E” mutant strains on raffinose plates.
Tenfold serial dilutions of overnight cultures of different yeast strains
grown in YPD medium were spotted onto YPD plates containing 2%
glucose (left panels) or 2% raffinose (right panels) as the sole carbon
source. Plates were incubated at 25°C for 4 days. The yeast mutants are
derived from the wild-type (WT) strain JD52 and carry deletion mu-
tations of the genes indicated. �, �, and �, respectively, indicate
growth, some growth, and no growth on raffinose plates.
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deletion mutants are unable to grow on raffinose. This suggests
that SUC2 is regulated by the Rim101 pathway.

Several other phenotypes have been described for rim mu-
tants, like cold sensitivity, sensitivity to Na� or Li� ions (30),
defects in sporulation (24), and haploid-invasive growth (11).
Indeed, we could show that the �snf7 mutant shows the same
lithium sensitivity as the rim mutants (Fig. 5B).

How does Rim101 regulate SUC2 expression? Rim101 could
either bind directly to the SUC2 promoter, or it could regulate
the expression of a transcription factor that binds to the SUC2
promoter. Since there was no evidence for a direct role of
Rim101 at the SUC2 promoter, we looked for Rim101 targets
that could be involved in SUC2 regulation (9). The Rim101
target Nrg1 has been implicated before in SUC2 regulation
(32). We therefore examined the role of Nrg1 in Snf7-depen-
dent regulation of SUC2 expression. Nrg1 acts as a SUC2
repressor, while Rim101 in turn represses NRG1. Thus,
Rim101 should have a positive effect on SUC2 transcription by
lowering Nrg1 levels. In turn, Nrg1 levels should be higher in
a �snf7 mutant, where Rim101 activation is prevented. Indeed,
we could show that the level of Nrg1 is much higher in the
�snf7 mutant than in the wild type (Fig. 6A). Also, a similar
elevated Nrg1 expression level was observed in the rim mu-
tants.

To test whether altered Nrg1 levels could explain the effect
of �snf7 on SUC2 expression, induction of invertase activity
after the shift to low-glucose medium was measured in various
mutants (Fig. 6B). Compared to the wild type, the invertase
activity in the �snf7 strain after 2 h of derepression was much
lower (about 30% of the wild-type level). Exactly the same
level of activity was reached in a �rim101 mutant and upon
overexpression of NRG1 from the ADH1 promoter. This is
consistent with the view that �snf7 exerts its effect on SUC2 by
increased Nrg1 levels. Also, invertase activity was clearly
higher in a �nrg1 strain than in the wild type. Most interest-
ingly, invertase activity was no longer dependent on Snf7 in the
�nrg1 background. Thus, Snf7 exlusively acts on SUC2 by af-
fecting Nrg1 levels. As expected, altered Nrg1 levels affected
the growth on raffinose plates (Fig. 5A). While the �nrg1
mutant grew like the wild type, the NRG1-overexpressing
strain had a growth defect similar to that of the �snf7 mutant.

DISCUSSION

In this report, we explore the molecular basis for the su-
crose-nonfermenting phenotype of snf7 mutants. We demon-
strate that the ESCRT-III protein Snf7 mediates high-level
expression of the SUC2 gene via the Rim101 pathway.

Our Northern blotting experiments provide evidence that
Snf7 is involved in the regulation of SUC2 transcript levels.
One potential target for Snf7 could be glucose signaling at the
SUC2 promoter. Upon glucose limitation, the Mig1 repressor,
which represses SUC2 expression on high glucose, is inacti-
vated by phosphorylation (26). This Mig1 phosphorylation,
however, was not affected in the �snf7 mutant. Thus, Snf7
appears to affect events at the SUC2 promoter independent of
Mig1. This notion is also supported by earlier findings that
galactose utilization, which is also under Mig1 control, is not
affected in snf7 mutants (28).

From our data, we conclude that Snf7 influences SUC2 ex-
pression by regulating the level of Nrg1, a transcription factor
already implicated in SUC2 regulation. NRG1 transcription is
negatively controlled by the transcription factor Rim101 (9).
This transcription factor in turn is activated by proteolytic
cleavage in response to alkaline pH (11). Snf7 appears to be an
integral part of the complex involved in Rim101 cleavage con-
sisting of the Bro1 homologue Rim20 and the calpain-like
protease Rim13 (30). The effect of Snf7 on SUC2 expression
can be completely accounted for by its effect on Nrg1 levels.
This notion is supported by the following findings: (i) deletion
of RIM101 or overexpression of NRG1 from the ADH1 pro-
moter leads to the same SUC2 expression level as deletion of
SNF7 and (ii) Snf7 is dispensable for SUC2 expression in an
NRG1 deletion background. This implies that the RIM101
pathway is fully active at the pH of our growth media used for
the invertase assays. Indeed, we found that Rim101 is com-
pletely processed under these conditions (data not shown).

SUC2 shows a biphasic transcription profile after derepres-
sion (5). After an initial burst of transcription, transcript levels
drop and then rise again. In the �snf7 mutant, the initial burst
of transcription seems to be missing. Since the only role of Snf7
in SUC2 expression is to modulate Nrg1 levels, the release
from Nrg1 repression appears to be defective in the �snf7
mutant. How Nrg1 repression is released after the shift to low

FIG. 6. Effect of Nrg1 on SUC2 expression. (A) Expression levels
of Nrg1-3HA in several yeast strains were determined by Western
blotting with anti-HA antibodies. Lane 1, JD52 (wild type [WT], no
tag), lane 2, RKY2176 (SNF7); lane 3, RKY2180 (�snf7); lane 4,
RKY2284 (�rim13); lane 5, RKY2285 (�rim20); lane 6, RKY2286
(�rim101). The arrow points to the main Nrg1-3HA band; the phos-
phorylated form is marked with an asterisk. (B) Yeast cells pregrown
in YPD medium with 5% glucose were shifted to low-glucose medium
(0.1%). At time intervals after the shift to low glucose, invertase
activity was determined. Strains: closed squares, JD52 (WT); open
squares, RKY1852 (�snf7); closed diamonds, RKY2175 (�rim101);
closed triangles, RKY2206 (�nrg1); crosses, RKY2207 (�nrg1 �snf7);
and closed circles, RKY2208 (ADH1p-NRG1).
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glucose is not known, but apparently inactivation is counter-
acted by high Nrg1 levels. It has been reported that Nrg1
becomes phosphorylated by protein kinase CK2 after exposure
to various stress conditions, among them the shift to low glu-
cose (4). The consequences of this modification, however, re-
mained unclear. We could also detect phosphorylation of Nrg1
(Fig. 6A), but in our hands, there was no significant change in
phosphorylation upon shift to low glucose or in the �snf7
mutant compared to the wild type (data not shown). Thus, how
exactly Nrg1 repression is released after the shift to low glucose
remains elusive. In any case, at later time points after dere-
pression, Nrg1 does not act any longer as a repressor irrespec-
tive of the amounts of Nrg1 present.

It is not immediately obvious why the SUC2 gene, which is
mainly controlled by the carbon source, should be under the
control of the alkaline response pathway. One possible expla-
nation could be that carbon source utilization is somehow
connected to the pH of the growth medium. Indeed, it has
been reported that growth on high glucose concentrations low-
ers the pH, while growth on a poor carbon source, like acetate,
results in a pH increase (11). Thus, active growth, independent
from the carbon source used, would exert a negative effect on
SUC2 expression via lowered pH and a less active RIM101
pathway.

Alternatively, the RIM101 pathway could have other roles in
gene expression beyond pH control. In fact, the association
between the RIM101 pathway and pH control in Saccharomy-
ces cerevisiae is not as tight as in Aspergillus nidulans, where this
system was initially discovered (9). By macroarray analysis,
alkaline-induced genes in S. cerevisiae were identified (10).
Only some of these genes turned out to be regulated by
Rim101. In addition, some Rim101 target genes were still pH
regulated in the presence of the constitutively active Rim101-
531 mutant protein. This suggests that there are additional
mechanisms of pH control in S. cerevisiae. Furthermore, rim
mutants show many phenotypes, like cold sensitivity, sensitivity
to Na� or Li� ions (30), defects in sporulation (24), and hap-
loid-invasive growth (11), which may not be directly linked to
pH control.

SUC2 is not the only yeast gene that is controlled by both
Mig1 (and/or the homologous protein Mig2) and by Nrg1
(and/or the homologous protein Nrg2). For instance, ENA1,
coding for the Na�-ATPase, is similarly regulated by Nrg1 and
Mig2 (and additional factors) (20). In addition, a database
query in the YEASTRACT database (25) revealed 40 genes
whose expression is affected by both Mig1/2 and Nrg1/2. Thus,
for a certain set of genes, it appears to be beneficial to link
carbon source control via Mig1/2 and stress signaling via
Nrg1/2.

Proteolytic activation of Rim101 is connected to a functional
ESCRT pathway (31). The current view is that the protein
complexes of the ESCRT pathway are assembled at the endo-
somal membrane in a fixed order and that each complex assists
in recruitment of the following complex (22). In line with
previous findings, we found that the components placed “up-
stream” of the Snf7/Vps20 subcomplex in this assembly path-
way are required for optimal growth on raffinose (i.e., full
SUC2 expression), while the “downstream” components ap-
pear to be dispensable. From this, it can be concluded that the
main function of the ESCRT pathway, with respect to Rim101

processing, is to bring Snf7/Vps20 to the membrane. Mem-
brane association appears to be a prerequisite for assembly of
an active Snf7/Rim20/Rim13 processing complex.

However, there are some conflicts with published reports as
to the contribution of some of the “class E” functions (Vps27,
Vps37, Bro1, and Doa4) to Rim101 activation (21, 31). Basi-
cally, our results are in agreement with the study by Rothfels et
al. (21). We find that Vps37 is not required for growth on
raffinose, while Doa4 is required and Bro1 is partially required.
It is unclear why some upstream components of the ESCRT
pathway (like Vps37 and maybe Vps27) should not be required
for Rim101 activation. However, it is conceivable that the
requirements for Rim101 activation may not be as stringent as
the requirements for the proper functioning of the ESCRT
pathway.

Why Rim101 processing only occurs at the membrane is at
present unclear. Perhaps, membrane association is necessary
to integrate signaling events with Rim101 processing.
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