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Transcriptional activity of a gene is governed by transcriptional regulatory complexes that assemble/disassemble
on the gene and control the chromatin architecture. How cytoplasmic components influence the assembly/
disassembly of transcriptional regulatory complexes is poorly understood. Here we report that the budding yeast
Saccharomyces cerevisiae has a chromatin architecture-modulating mechanism that is dependent on the
endosomal lipid PI(3,5)P2. We identified Tup1 and Cti6 as new, highly specific PI(3,5)P2 interactors. Tup1—which
associates with multiple transcriptional regulators, including the HDAC (histone deacetylase) and SAGA
complexes—plays a crucial role in determining an activated or repressed chromatin state of numerous genes,
including GAL1. We show that, in the context that the Gal4 activation pathway is compromised, PI(3,5)P2 plays
an essential role in converting the Tup1-driven repressed chromatin structure into a SAGA-containing activated
chromatin structure at the GAL1 promoter. Biochemical and cell biological experiments suggest that PI(3,5)P2

recruits Cti6 and the Cyc8–Tup1 corepressor complex to the late endosomal/vacuolar membrane and mediates the
assembly of a Cti6–Cyc8–Tup1 coactivator complex that functions to recruit the SAGA complex to the GAL1
promoter. Our findings provide important insights toward understanding how the chromatin architecture and
epigenetic status of a gene are regulated by cytoplasmic components.
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Upon binding to its receptor, an extracellular ligand
triggers signal transduction events at the cell surface
(Schlessinger 2000; Cantley 2002). This leads to activation
of cytoplasmic signaling cascades that often involve acti-
vation of transcriptional regulators. This cytoplasmic
signaling ultimately controls the transcription of a distinc-
tive set of genes in the nucleus, which primarily deter-
mines the output of the signaling pathway (Madhani and
Fink 1998). Transcription of a gene is controlled by diverse
mechanisms, including epigenetic regulation (Kornberg
1999; Roeder 2005; Fuda et al. 2009). Transcriptional
regulatory complexes that assemble/disassemble at spe-
cific chromatin sites control the chromatin architecture
and epigenetic status, and thus the transcriptional activity
of a gene (Lemon and Tjian 2000; Cairns 2009). The
assembly/disassembly of chromatin-associated transcrip-
tional regulatory complexes may be influenced by cyto-
plasmic components through close communications be-

tween the nucleus and cytoplasm, but this remains poorly
understood.

Phosphatidylinositol phosphates (PIPs, or phosphoino-
sitide [PI] lipids) are lipids generated in small amounts at
specific cellular membranes by distinct PIP kinases and
function in cell signaling events. A specific PIP interacts
with a specific set of effector proteins that contain the
appropriate PIP-binding domain, thereby regulating the
localization and activity of the signaling proteins. For
example, Akt and PDK contain PH domains that bind
PI(3,4,5)P3. Acute increases of PI(3,4,5)P3 at the plasma
membrane by receptor tyrosine kinase-mediated activa-
tion of PI 3-kinase can recruit Akt and PDK to the plasma
membrane, where the phosphorylation and activation of
Akt by PDK takes place (Engelman et al. 2006). In another
case, Tubby protein, a transcription factor for fat metab-
olism genes, binds PI(4,5)P2 at the plasma membrane.
Upon stimulation by activated G-protein-coupled recep-
tors, tubby is released from the membrane and shuttles
into the nucleus to activate its target genes (Santagata
et al. 2001).

Recently, it has been observed that endosomes play
a key role in cytoplasmic signaling events (Tsukazaki
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et al. 1998; Coumailleau et al. 2009; Scita and Di Fiore
2010). Endocytosis generates vesicles, which fuse with
early endosomes. The early endosomes mature into late
endosomes and multivesicular bodies (MVBs) that fuse
with the lysosome/vacuole (Scita and Di Fiore 2010).
These endosomes constitute a dynamic endosomal sys-
tem in the cell. It is at the endosomal membrane that the
endocytosed activated TGF-b receptor kinase phosphor-
ylates a transcriptional activator, Smad2—a key event in
the TGF-b/Smad signaling pathway (Tsukazaki et al.
1998). PI(3)P, an endosomal PIP, plays a crucial role in
the TGF-b/Smad signaling pathway (Tsukazaki et al.
1998). SARA (Smad anchor for receptor activation), a
Smad-interacting protein, contains a FYVE domain that
specifically binds PI(3)P. The endosomes containing both
the endocytosed TGF-b receptor kinase and PI(3)P can
recruit SARA, which in turn recruits Smad2. Smad2 is
phosphorylated by TGF-b receptor kinase at the endo-
some. The phosphorylated Smad2 forms a transcriptional
activator complex, the Smad2–Smad4 complex, which
shuttles into the nucleus to activate its target genes.

The budding yeast Saccharomyces cerevisiae generates
four PIPs: PI(3)P, PI(4)P, PI(3,5)P2, and PI(4,5)P2 (Strahl and
Thorner 2007). PI(3)P and PI(3,5)P2 are generated at endo-
somal membranes. PI(3)P is synthesized from phosphati-
dylinositol by the PI 3-kinase Vps34 (Schu et al. 1993).
PI(3,5)P2 is synthesized from PI(3)P by the PI(3)P 5-kinase
Fab1 (Dove et al. 1997). Fab1 contains a FYVE domain at
the N terminus and a phosphoinositide kinase domain at
the C terminus (Gary et al. 1998). The FYVE domain binds
PI(3)P. Fab1 localizes primarily at the endosomal/vacuolar
membranes, but it also was detected in the cytosol (Gary
et al. 1998). Fab1 has two positive regulators: Vac7 and
Vac14. Cells without Vac7 cannot generate any detectable
PI(3,5)P2, and cells without Vac14 generate 10%;20% of
the wild-type level of PI(3,5)P2 (Bonangelino et al. 2002;
Rudge et al. 2004). Although PI(3,5)P2 is the rarest PIP in
budding yeast, it functions in the regulation of several
fundamental cellular processes, such as cell and vacuole
size control, vacuolar acidification, membrane trafficking,
and heat-shock response (Gary et al. 1998). At present,
however, the molecular mechanisms by which PI(3,5)P2

regulates these processes are not well understood. Identi-
fication of the effector proteins that interact with PIPs
has been critical to unravel the mechanisms by which they
regulate cell signaling pathways. However, identification
of PI(3,5)P2-binding proteins has been particularly elusive.
To date, only one PI(3,5)P2-binding protein has been iden-
tified: Atg18 (Dove et al. 2004).

Here we report the identification of Tup1 and Cti6 as
new PI(3,5)P2-binding proteins. Tup1 and Cti6 bind
PI(3,5)P2 with high specificity. Tup1 is a highly conserved
transcriptional regulator (human TLE [transducin-like
enhancer of split] and Drosophila Groucho) (Smith and
Johnson 2000). It forms a complex with Cyc8 (Ssn6)
(Williams et al. 1991). The Cyc8–Tup1 complex functions
as a transcriptional corepressor by interacting with gene-
specific DNA-binding repressors such as Mig1, Rox1, and
a2 (Smith and Johnson 2000). The Cyc8–Tup1 complex
represses >150 genes, including FLO1, MATa-specific

genes (STE2, STE6, MFA1, and MFA2), and GAL genes
(GAL1, GAL3, and GAL4) (DeRisi et al. 1997; Smith and
Johnson 2000; Rubio-Texeira 2005). The Cyc8–Tup1
complex mediates the formation of a compact repressive
chromatin structure through its interaction with multi-
ple transcriptional regulators—including HDAC (histone
deacetylase) and histones—which prevents access of TBP
and polymerase II (Pol II) to the promoter (Malave and
Dent 2006).

In addition to its transcriptional corepressor function,
the Cyc8–Tup1 complex also functions as a transcrip-
tional coactivator during GAL1 induction (Papamichos-
Chronakis et al. 2002). Distinct chromatin architecture
and epigenetic statuses are established at the GAL1 pro-
moter in the induced and repressed states (Lohr 1997; Lo
et al. 2005; Pinskaya et al. 2009). In the repressed state,
the GAL1 promoter is occupied by the Mig1–Cyc8–Tup1
repressor complex, HDAC Rpd3, and nucleosomes. In the
induced state, the SAGA and SWI/SNF coactivator com-
plexes and Snf1 are recruited to the promoter and the
nucleosomes are disrupted. The two states also have
different histone modification statuses (Lo et al. 2005;
Pinskaya et al. 2009). The Cyc8–Tup1 complex is associ-
ated with the GAL1 promoter in both the repressed and
activated states (Papamichos-Chronakis et al. 2002).
During GAL1 induction, the Cyc8–Tup1 complex as well
as the potent Gal4 activator participate in SAGA re-
cruitment, one of the crucial steps for GAL1 transcrip-
tional activation (Papamichos-Chronakis et al. 2002).
Cti6, a Cyc8-interacting protein, plays a key role in the
coactivator function of Cyc8–Tup1 by physically linking
the Cyc8–Tup1 and SAGA complexes (Papamichos-
Chronakis et al. 2002). Thus, Cti6 mediates the Cyc8–
Tup1 complex-dependent SAGA recruitment to the
GAL1 promoter (Papamichos-Chronakis et al. 2002). In
addition, there are reports that the Cyc8–Tup1 complex
can function as a transcriptional coactivator for genes
like GRE2, AHP1, ARG1, FET3, and ARN1 (Proft and
Struhl 2002; Kim et al. 2005; Crisp et al. 2006). The dual
functionality seen for Tup1 also has been observed for
other transcriptional regulators, such as Myc and REST/
CoREST (Ballas and Mandel 2005; Eilers and Eisenman
2008; Abrajano et al. 2010). These transcriptional regula-
tors can interact with multiple transcriptional regulatory
proteins and assemble diverse complexes that function as
either an activator or a repressor in a context-dependent
manner.

We show here that S. cerevisiae has a PI(3,5)P2-de-
pendent chromatin architecture-modulating mechanism
that converts the Tup1-driven repressed state to a SAGA-
containing activated state at the GAL1 promoter. In the
context that the Gal4 activation pathway is compromised,
this PI(3,5)P2-dependent mechanism becomes essential
in establishing an activated chromatin state at the GAL1
promoter. Tup1 is recruited to the late endosomal/vacuo-
lar membrane in a PI(3,5)P2-dependent manner. In galac-
tose (Gal) medium, nuclear localization of Cti6 requires
PI(3,5)P2, Cyc8, and Tup1. Furthermore, PI(3,5)P2 is re-
quired for the Cti6 interaction with the SAGA complex
and Cti6–Cyc8–Tup1-mediated SAGA recruitment to the
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GAL1 promoter. We propose that, during GAL induction,
the endosomal lipid PI(3,5)P2 converts the Cyc8–Tup1
corepressor complex to a coactivator complex by recruit-
ing Cti6 and Cyc8–Tup1 and mediating the assembly of
the Cti6–Cyc8–Tup1 complex, a transcriptional coactiva-
tor that functions to recruit the SAGA complex to the
GAL1 promoter. Our results suggest that cytoplasmic
PI(3,5)P2 lipid signaling is closely linked with nuclear
regulatory events in remodulating the chromatin archi-
tecture and epigenetic status of a gene.

Results

A strategy for identifying candidate PI(3,5)P2

interactors

To better understand the molecular mechanisms of
PI(3,5)P2-regulated cellular processes, we searched for
potential PI(3,5)P2 interactors in S. cerevisiae based on
the phenotypes of fab1 mutants and the amino acid
sequence of Atg18, the first PI(3,5)P2 interactor to be
identified. BLAST analysis of Atg18 identified proteins
that share sequence similarity with Atg18, such as Atg21,
Hsv2, Taf5, Tup1, Crn1, Lst8, Gid7, Sec12, Pwp2, and
Erb1 (top 10 proteins). We focused our attention on Tup1
because the phenotypes of tup1 and fab1 mutants appear
to indicate a genetic relationship between TUP1 and
FAB1. First, we observed that deletion of TUP1 and
FAB1 exhibited opposite cell flocculation phenotypes.
Tup1 represses transcription of FLO genes, including the
FLO1 gene, and deletion of TUP1 results in a strong cell
flocculation phenotype. We observed that fab1 mutants
exhibit a weaker flocculation phenotype than wild-type
cells, suggesting that the genes that promote cell floccu-
lation (like FLO1) may be poorly expressed in fab1D cells.
Second, mutations in ste12+, the FAB1 homolog of
Schizosaccharomyces pombe, result in a defect in tran-
scriptional induction of certain mating genes (mat1-Pm,
fus1, and sxa2) (Morishita et al. 2002). It is well known
that MATa-specific mating genes are repressed by Tup1 in
S. cerevisiae (Smith and Johnson 2000). These observa-
tions suggested that FAB1 antagonizes TUP1’s repression
function (Supplemental Fig. S1A).

Importantly, Atg18 was predicted to contain seven
WD40-like domains and form a seven-blade b-propeller
structure that is similar to the C-terminal b-propeller
structure of Tup1 (Supplemental Fig. S1B) (Michell et al.
2006). Based on the genetic relationship (FAB1 and TUP1)
and the structural similarity (Atg18 and Tup1 proteins),
we hypothesized that (1) Tup1 may interact with
PI(3,5)P2, and (2) PI(3,5)P2 may antagonize the repression
function of Cyc8–Tup1 (Supplemental Fig. S1A).

Tup1 binds PI(3,5)P2 lipid

To test directly whether Tup1 binds PI(3,5)P2 lipid, we
performed protein–lipid overlay assays. GST-Tup1 pro-
tein exclusively bound PI(3,5)P2 with high specificity, as
did GST-Atg18, a known PI(3,5)P2 interactor, while
a known PI(4,5)P2 interactor, GST-PHPLCd domain, bound
exclusively to PI(4,5)P2 (Fig. 1A). Thus, we identified

Tup1 as a specific PI(3,5)P2 interactor. The C-terminal
seven-blade b-propeller region of Tup1 (amino acids
301;713) is sufficient for the PI(3,5)P2-specific interac-
tion (Supplemental Fig. S2A).

To determine whether PI(3,5)P2 influences the cellular
distribution of Tup1, we carefully examined the localiza-
tion of GFP-Tup1 in wild-type and fab1D cells containing
an mCherry-tagged Vph1, an integral vacuolar membrane
protein. The fab1D cells have large vacuoles, and the
cytoplasmic compartment is restricted to a small ring
under the plasma membrane. The vast majority of Tup1 is
found in the nucleus (Fig. 1B; Supplemental Fig. S2B).
However, we also observed a small pool of cytoplasmic
Tup1 that associated with the vacuolar endosomal mem-
brane in some wild-type cells but not in fab1D cells (Figs.
1B, 3). Thus, PI(3,5)P2 appears to recruit a small pool of
cytoplasmic Tup1 to the vacuolar endosomal membrane.

Figure 1. Tup1 binds PI(3,5)P2 lipid with a high specificity. (A,
top panel) GST-Tup1 and GST-Atg18 bound PI(3,5)P2 with a high
specificity, while GST-PHPLCd specifically bound PI(4,5)P2. GST
protein alone did not bind any PI lipid. (Bottom panel) Equiv-
alent amount of purified, bacterially expressed GST fusion
proteins (50 mg) were used for protein–lipid overlay assay. (B)
Vph1-mCherry marks the limiting membrane of vacuoles (red).
A pool of GFP-Tup1 localized at the vacuolar membrane (arrow-
head), in addition to the nuclear Tup1 (arrow), was observed
in some wild-type (WT) cells (see Supplemental Fig. S2B). In
contrast, the vacuolar localization of Tup1 was not observed
in fab1D cells.
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FAB1 regulates GAL induction

Next, we addressed the biological significance of the
interaction between Tup1 and PI(3,5)P2. Among the many
genes that are regulated by Tup1, the transcriptional
regulation of the GAL genes is one of the best character-
ized. We analyzed GAL induction in fab1, vac7, and
vac14 mutant cells. Remarkably, fab1D and vac7D cells
exhibited a Gal� phenotype (Fig. 2A). The results are
consistent with our hypothesis that PI(3,5)P2 antagonizes
the repression function of Tup1 (Supplemental Fig. S1A).
Interestingly, vac14D cells, which still contain ;10% of
wild-type levels of PI(3,5)P2, showed no discernible delay
in Gal growth compared with wild-type cells.

We then examined whether the Gal� phenotype of fab1D

cells is caused by inhibition of transcriptional induction
of the GAL genes or by an indirect effect due to vacuolar
dysfunction. We chose to analyze gene expression of GAL1,
one of a few GAL genes whose transcription is regulated by
Tup1. GAL1 transcription has served as a model for gene
transcription studies and the underlying molecular mech-
anisms are well characterized (Johnston 1987; Winston
and Carlson 1992; Ptashne and Gann 1997). The GAL1
promoter contains an upstream activating sequence (UAS)
and an upstream repressor sequence (URS). The potent
transcriptional activator Gal4 binds the UAS, and the

transcriptional repressor Mig1 binds the URS. In glucose
(Glu) medium, GAL1 is repressed: The GAL1 promoter is
occupied by the Mig1–Cyc8–Tup1 repressor complex and
Gal4 is inhibited by physical interaction with Gal80. Upon
a shift into Gal medium (Gal shift), Gal3 antagonizes Gal80,
freeing Gal4 to recruit the SAGA coactivator complex and
Mediator complex (Bhaumik and Green 2001; Larschan and
Winston 2001; Bryant and Ptashne 2003; Reeves and Hahn
2005). The SAGA and Mediator complexes, together with
the SWI/SNF complex, transform the repressive chromatin
architecture to an activated promoter structure that is
accessible to TBP and Pol II.

Gal1 protein was strongly induced in SEY6210 wild-
type cells at 20 h after Gal shift, while the Gal1 protein
was not detectable in the fab1D cells (Supplemental Fig.
S2C). RT-qPCR analysis showed gradual induction of
GAL1 mRNA transcripts in SEY6210 wild-type cells after
shifting to Gal medium (Fig. 2B). At 20 h after Gal shift,
we observed ;500-fold induction of GAL1 mRNA, but,
remarkably, no detectable increase in GAL1 transcripts
was observed in fab1D cells (Fig. 2B). The results suggest
that PI(3,5)P2 plays a crucial role during GAL1 transcrip-
tional induction in SEY6210.

RT-qPCR analysis of other GAL genes showed highly
induced mRNA levels of GAL2 (;1400-fold) and GAL10
(;300-fold) in SEY6210 wild-type cells in Gal medium,

Figure 2. PI(3,5)P2 and Cti6 are required for transcrip-
tional induction of GAL1. (A) SEY6210 fab1D and
vac7D cells exhibited the Gal� phenotype. SEY6210
vac14D cells exhibited the Gal+ phenotype. SEY6210
tup1D cells showed slower Gal growth than wild-type
(WT) cells. (B) RT-qPCR analysis showed gradual in-
duction of GAL1 mRNA in SEY6210 wild-type cells. At
20 h after Gal shift, a 490-fold induction of GAL1

mRNA was observed in wild-type cells. No detectable
increase in GAL1 mRNA was observed in fab1D cells at
20 h after Gal shift. The results that are shown with
a standard deviation are from three independent analy-
ses. (C) The mRNA levels of GAL2 and GAL10 were
highly induced in SEY6210 wild-type cells, but remained
constitutively repressed in SEY6210 fab1D cells at 20 h
after Gal shift. The mRNA levels of GAL3, GAL4, and
GAL10 were induced a few-fold in SEY6210 wild-type
cells, while, in fab1D cells, the levels of GAL4 and
GAL80 mRNA remained repressed (see a caveat in the
text for the GAL3 mRNA results of fab1D cells). (D)
SEY6210 vps34D and vps15D cells, which produce no
PI(3)P and PI(3,5)P2, exhibited the Gal� phenotype. (E)
SEY6210 cti6D cells exhibited a severe defect in GAL1

mRNA induction. (F) SEY6210 cells grown in Glu
medium were shifted to Gly medium and grown for
several hours to derepress GAL genes. When shifted to
Gal medium, GAL1 mRNA was induced very rapidly in
wild-type cells, whereas GAL1 remained constitutively
repressed in fab1D cells.
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whereas transcription of GAL2 and GAL10 remained
constitutively repressed in fab1D cells (Fig. 2C). The
mRNA levels of GAL3, GAL4, and GAL80 were induced
a few-fold in SEY6210 wild-type cells, while, in SEY6210
fab1D cells, their mRNA levels were not significantly
induced, except GAL3 (Fig. 2C). One caveat with the
GAL3 results of fab1D cells is that, because ACT1 mRNA
was used as an internal reference and the carbon and
energy metabolism is inhibited in SEY6210 fab1D cells in
Gal medium due to the GAL transcriptional defect, ACT1
mRNA levels could change and distort the GAL3 results
of fab1D cells (giving a larger-fold increase in fab1D cells).
The results suggest that transcriptional induction of the
GAL regulon genes, particularly GAL genes (GAL1,
GAL2, and GAL10) that are highly induced, depends on
PI(3,5)P2 in SEY6210.

We examined whether PI(3)P, the substrate of Fab1
kinase, is also required for GAL induction. The SEY6210
vps34D and vps15D cells cannot generate PI(3)P [and
PI(3,5)P2], and each strain exhibited a Gal� phenotype
(Fig. 2D).

Next, we tested whether the strain background of
SEY6210 might influence the predominant dependency
of GAL1 transcription on PI(3,5)P2. The BY4742 strain
induced high levels of GAL1 mRNA much faster than
the SEY6210 strain (Fig. 2B; Supplemental Fig. S3A).
Moreover, in a BY4742 background, fab1D cells induced
GAL1 mRNA levels comparable with wild-type cells
(Supplemental Fig. S3A), suggesting that the unique
genetic makeup of SEY6210 makes FAB1 indispensable
for GAL gene induction. SEY6210 contains the trp1D-
901 mutation, a deletion that extends from TRP1 into
the UAS region of GAL3, the neighboring gene. This
mutation appears to make the strain highly sensitized to
the function of FAB1. Reduced and delayed expression
of Gal3, which is required for Gal4’s activation function,
will compromise the dynamics of the Gal4 activation
pathway during GAL induction. Thus, the SEY6210
strain depends on PI(3,5)P2 for GAL induction.

The results suggest that S. cerevisiae has two activating
forces [Gal4-dependent and PI(3,5)P2-dependent activa-
tion] that can function to override the repression by the
Cyc8–Tup1 complex at the GAL1 promoter during GAL1
induction (Supplemental Fig. S3B). In the context that
the Gal4 activation pathway is robust (BY4742), Gal4
drives to rapidly establish activated chromatin architec-
ture. BY4742 fab1D cells appear to have only a modest
GAL induction phenotype (Supplemental Fig. S3A), but,
in the context that the Gal4 pathway is compromised
(SEY6210), the PI(3,5)P2-dependent activation pathway
becomes the major driving force to establish activated
chromatin architecture by converting the Cyc8–Tup1
corepressor to the Cti6–Cyc8–Tup1 coactivator com-
plex (Supplemental Fig. S3B). Although the PI(3,5)P2-
dependent pathway is slower than the Gal4 pathway in
establishing an activated state, it becomes essential to
override the repressed chromatin structure when the Gal4
pathway is compromised. Thus, SEY6210 fab1D cells
exhibit a drastic defect in GAL transcriptional induction
(Fig. 2B).

Next we examined whether restoration of the robust
Gal4 pathway in SEY6210 fab1D cells can shift the
repression-oriented balance toward activation. When
GAL3, with its intact endogenous promoter, was trans-
formed into SEY6210 fab1D cells, it rescued the Gal
growth defect in the fab1D cells (Supplemental Fig.
S3C), consistent with the notion that the PI(3,5)P2-de-
pendent pathway and the Gal4 pathway function in
parallel during GAL induction (Supplemental Fig. S3B).

Cti6 is required for Cyc8–Tup1 complex-dependent
SAGA recruitment to the GAL1 promoter, although it
has not been shown how significantly the Cti6–Cyc8–Tup1
complex contributes to SAGA recruitment and GAL1 in-
duction relative to the potent Gal4 activator (Papamichos-
Chronakis et al. 2002). If the SEY6210 strain depends
predominantly on the activation function of Cyc8–Tup1
for GAL induction as we postulated, it would depend
primarily on Cti6 for GAL induction (Supplemental Fig.
S3B). Indeed, SEY6210 cti6D cells exhibited a severe defect
in transcriptional induction of GAL1, while BY4742 cti6D

cells did not (Fig. 2E; Supplemental Fig. S3D). These results
are consistent with the crucial activation function of the
Cti6–Cyc8–Tup1 complex for GAL induction in the con-
text that the Gal4 activation pathway is compromised.

GAL1 transcription was slowly induced in SEY6210
wild-type cells after shifting from Glu to Gal medium (Fig.
2B). We tested whether the slow GAL1 induction kinetics
could be altered if SEY6210 cells are grown for several
hours in nonrepressive glycerol (Gly) medium to derepress
GAL genes before shifting into Gal medium. SEY6210
wild-type cells induced GAL1 transcription very rapidly,
whereas, in SEY6210 fab1D cells, GAL1 still remains
constitutively repressed (Fig. 2F). The rapid GAL1 in-
duction could be driven by just the PI(3,5)P2-dependent
activation pathway or together with the Gal4 activation
pathway that may become functional after GAL gene
derepression in Gly medium. Given that Gal4 and its
regulators, Gal3 and Gal80, regulate transcription of their
own genes, and thus form feedback regulatory loops, more
careful analysis may be needed for a full understanding
of these results.

Gal and hyperosmotic stress redistribute Tup1

Our results suggest that PI(3,5)P2-mediated recruitment
of Tup1 to the late endosomal/vacuolar membrane is
required for the conversion of Cyc8–Tup1 from a tran-
scriptional corepressor to a coactivator. We examined
whether Tup1 localization changes in Gal medium.
Nuclear GFP-Tup1 exhibits a bright signal, and every cell
contains nuclear GFP-Tup1 (Fig. 3A). Cytosolic GFP-
Tup1 exhibits a dispersed signal, and vacuolar mem-
brane-localized GFP-Tup1 exhibits puncta at the vacuolar
membranes (Fig. 3A). We scored the nuclear, vacuolar,
and cytosolic localization of GFP-Tup1 in wild-type
or fab1D cells either grown in Glu medium or shifted to
Gal medium (Fig. 3B). In Gal medium, the cytoplasmic
localization of Tup1 significantly increased in wild-
type cells (Fig. 3B). Importantly, the recruitment of Tup1
to the vacuolar endosomal membrane also significantly
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increased in wild-type cells in Gal medium. However,
the vacuolar recruitment of Tup1 could not be observed
in fab1D cells in either Glu or Gal medium (Fig. 3B).

The subset of wild-type cells containing Tup1 localized
at the vacuolar membrane was a relatively minor portion
of the total population. Even in the cells that exhibit
vacuolar membrane-localized Tup1, only a small pool of
Tup1 localized at the vacuolar membrane, presumably
because Tup1 cycles rapidly from the vacuolar membrane
back into the nucleus and at any given time only a small
pool of nuclear Tup1 may undergo nucleocytoplasmic
shuttling. We tested several conditions that could pro-
duce more robust localization of Tup1 at the late endo-
somal/vacuolar membrane. Upon hyperosmotic shock
(0.9 M NaCl), PI(3,5)P2 levels are acutely elevated (20-
fold) and the vacuoles fragment into many smaller
compartments (Duex et al. 2006). Gal medium enhances

the cytoplasmic localization of Tup1 (Fig. 3B). Therefore,
we tested whether combining these two conditions
altered Tup1 distribution. Remarkably, upon hyperos-
motic treatment, cytoplasmic Tup1 formed puncta in
most of the wild-type cells, but not in fab1D cells,
suggesting a more robust response when PI(3,5)P2 levels
are elevated (Fig. 3C). The Tup1 puncta are likely to
correspond to endosomal membranes that contain the
excess PI(3,5)P2.

Cti6 binds PI(3,5)P2 with high specificity, and the Cys
residues in the PHD domain of Cti6 are important
for nuclear localization of Cti6 in Gal medium

Next, we asked how the PI(3,5)P2–Tup1 interaction at the
late endosomal/vacuolar membrane can contribute to the
transcriptional activation function of Cyc8–Tup1. Inter-
estingly, Cti6, which is required for Cyc8–Tup1’s activa-
tion function, contains a PHD domain (Fig. 4A). A PHD
domain is a general PIP-binding module (Gozani et al.
2003). Therefore, we tested whether Cti6 can bind any of
the four PIPs that S. cerevisiae generates. The PHD
domain of Cti6 has the capability of binding to PI(3)P,
PI(3,5)P2, and PI(4)P (Fig. 4B). Remarkably, full-length
Cti6 binds PI(3,5)P2 with high specificity (Fig. 4B). Cti6
is a new specific PI(3,5)P2-binding protein, structurally
distinct from Atg18, a known PI(3,5)P2 interactor.

Zinc-coordinating Cys residues in a PHD domain are
important for PIP-binding activity (Gozani et al. 2003).
The PHD domain of Cti6 has several Cys residues that are
potentially involved in coordinating zinc. We examined
whether these Cys residues are important for the local-
ization of Cti6. Cti6, which contains four putative
nuclear localization sequences (NLSs), localized primar-
ily in the nucleus in wild-type cells in both Glu and
Gal media (Fig. 4C). Cti6C75S,C77S (Cys75–Cys77 / Ser75–
Ser77) and Cti6C92S,C95S (Cys92–Cys95 / Ser 92–Ser 95)
localized primarily in the nucleus in Glu medium;
however, the mutant Cti6 proteins accumulated in the
cytoplasm of wild-type cells upon Gal shift (Fig. 4C). The
results suggest that there is dynamic nucleocytoplasmic
shuttling of Cti6 in Gal medium, and PI(3,5)P2 binding by
Cti6 may be important for its shuttling into the nucleus.

Nuclear localization of Cti6 depends on PI(3,5)P2,
Cyc8, and Tup1 in Gal medium

Both Tup1 and Cti6 bind PI(3,5)P2 with high specificity
(Figs. 1A, 4B). Cti6 interacts with Cyc8 through its
C-terminal CTI domain (Papamichos-Chronakis et al.
2002). The Cys mutants of Cti6, which may lose
PI(3,5)P2-binding activity, mislocalized in the cytoplasm
in Gal medium (Fig. 4C). These observations raised the
possibility that PI(3,5)P2 recruits Cyc8–Tup1 and Cti6 to
the late endosomal/vacuolar membrane and mediates an
event that is required for Cti6’s shuttling into the
nucleus. Therefore, we examined Cti6’s localization in
fab1D, cyc8D, and tup1D cells.

In fab1D cells grown in Glu medium, Cti6 localized
primarily in the nucleus (Fig. 5A). However, Cti6 began

Figure 3. Gal and hyperosmotic stress redistribute Tup1. (A)
Montages of cells containing nuclear GFP-Tup1 only (top panel),
nuclear and cytosolic GFP-Tup1 (middle panel), or nuclear and
vacuolar GFP-Tup1 (bottom panel) and Vph1-mCherry. Nuclear
GFP-Tup1 is indicated by an arrow and vacuolar membrane
GFP-Tup1 is marked by an arrowhead. (B) Cells grown in Glu or
Gal (2 h after shift) medium were imaged, analyzed, and scored
for one of the three categories of GFP-Tup1 localization (nuclear
only, nuclear and cytosolic, or nuclear and vacuolar membrane).
Gal medium significantly enhanced cytosolic and vacuolar
membrane localization of Tup1 in wild-type (WT) cells. In con-
trast, although Gal medium increased cytosolic localization of
Tup1 in fab1D cells, vacuolar membrane localization of Tup1
was not observed. (C) When wild-type cells in Gal medium were
treated with 0.9 M NaCl, Tup1 formed puncta (arrowhead) in
the cytoplasm in most of the wild-type cells in addition to the
nuclear Tup1 (arrow), whereas Tup1 did not form cytoplasmic
puncta in fab1D cells.
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to accumulate in the cytoplasm of fab1D cells upon Gal
shift. At 4 h after Gal shift, most cells exhibited signifi-
cant cytoplasmic accumulation of Cti6 (Fig. 5A). In
contrast, Tup1 localized primarily in the nucleus at 4 h
after Gal shift (Fig. 5A). Similarly, Cti6 started to accu-
mulate in the cytoplasm of tup1D cells upon Gal shift
(Fig. 5B). The kinetics of Cti6’s cytoplasmic accumulation
appeared to be slower in tup1D cells than in fab1D cells,
perhaps because Tup1 may also affect Cti6’s shuttling out
of the nucleus. In cyc8D cells, the majority of Cti6 also
localized in the cytoplasm in Gal medium (Fig. 5B). Even
in Glu medium, a significant fraction of Cti6 often
localized to the cytoplasm in cyc8D cells. These results
show that PI(3,5)P2, Cyc8, and Tup1 are required for
efficient nuclear localization of Cti6 in Gal medium.

PI(3,5)P2 is required for Cti6-mediated recruitment
of SAGA to the GAL1 promoter

Cti6 links Cyc8–Tup1 with SAGA, thereby mediating
Cyc8–Tup1-dependent SAGA recruitment (Papamichos-
Chronakis et al. 2002). We examined whether SAGA
recruitment depends on PI(3,5)P2. Using coimmunopre-
cipitation, we examined the interaction between Cti6
and Gcn5, a component of the SAGA complex, in wild-
type and fab1D cells. The interaction between Cti6 and
Gcn5 was significantly elevated in wild-type cells in Gal
medium compared with Glu medium (Fig. 6A). The
interaction of Cti6 with Gcn5 was not detectable in

fab1D cells (Fig. 6A). In fact, in vivo, the levels of Cti6
in fab1D cells were significantly lower than in wild-type
cells in Gal medium (Supplemental Fig. S4A). The
amount of Cti6 further decreased during cell extraction
from the cytosol of fab1D cells in Gal medium compared
with the cytosol of wild-type cells (Fig. 6A). These results
suggest that Cti6 is unstable in fab1D cells in Gal
medium because Cti6 cannot form a proper complex.

Nuclear localization of Cti6, as well as its interaction
with the SAGA complex in Gal medium, depends on
PI(3,5)P2. We further examined whether recruitment of
the SAGA complex to the GAL1 promoter, a crucial step
during GAL1 induction, also depends on PI(3,5)P2. Chro-
matin immunoprecipitation (ChIP)-qPCR experiments
were performed to analyze the recruitment of Gcn5
proteins, a component of the SAGA complex, and the
association of Gal4 and Tup1 at the GAL1 promoter. The
amount of Gcn5 associated with the GAL1 promoter
increased significantly in wild-type cells in Gal medium
(;15-fold increase), while no significant increase was
detected in fab1D cells (Fig. 6B). Gal4 binding increased
a few-fold in wild-type cells (about fivefold) and fab1D

cells (about twofold) in Gal medium (Fig. 6B). As reported
before (Papamichos-Chronakis et al. 2002), the amount of
Tup1 associated with the GAL1 promoter remained
similar in Glu and Gal media (Fig. 6B). The results show
that SAGA recruitment to the GAL1 promoter is de-
pendent predominantly on PI(3,5)P2 when the Gal4 acti-
vation pathway is compromised.

Figure 4. Cti6 binds PI(3,5)P2 lipid, and the Cys
residues in Cti6’s PHD domain are important for
nuclear localization of Cti6 in Gal medium. (A) Cti6
contains a PHD domain and a CTI domain. The PHD
domain contains several Cys residues (red) that are
potentially involved in zinc binding and important for
PIP binding. Two Cti6 mutants were generated, such
as Cti6C75S,C77S (Cys75–Cys77 / Ser75–Ser77) and
Cti6C92S,C95S (Cys92–Cys95 / Ser92–Ser95). (B, top panel)
Full-length Cti6 bound PI(3,5)P2 with high specificity,
while the region (amino acids 51;150) encompassing
the PHD domain of Cti6 bound PI(3)P, PI(3,5)P2, and
PI(4)P. (Bottom panel) Bacterially expressed GST fusion
proteins were purified, and the same amounts of pro-
teins were used for the protein–lipid overlay assay. (C)
Wild-type Cti6 localized primarily in the nucleus in
wild-type (WT) cells in both Glu and Gal media. The
Cti6 mutants Cti6C75S,C77S and Cti6C92S,C95S localized
in the nucleus in wild-type cells in Glu medium, but
a significant portion of the mutant Cti6 proteins accu-
mulated in the cytoplasm upon Gal shift.
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Discussion

Transcriptional regulatory complexes that assemble/dis-
assemble at specific chromatin sites regulate the chro-
matin architecture and epigenetic status, and thus the
transcriptional activity of a gene. Extensive studies have
been performed on the regulation of assembly/disassem-
bly of transcriptional regulatory complexes at chromatin
inside the nucleus, but regulation outside of the nucleus
is not well characterized. Here we identified that S.
cerevisiae has a chromatin architecture-modulating mech-
anism that is dependent on PI(3,5)P2 on the late endosomes/
vacuoles. This finding provides an important and unique
opportunity to understand how chromatin architecture
and epigenetic status are influenced by cytoplasmic com-
ponents.

We showed that (1) Tup1 binds PI(3,5)P2 lipid with high
specificity; (2) a pool of Tup1 is recruited to the late
endosomal/vacuolar membrane in a PI(3,5)P2-dependent
manner; (3) when the Gal4 activation pathway is com-
promised (strain SEY6210, a GAL3 hypomorph), PI(3,5)P2

is indispensable for the transcriptional induction of
GAL1, a new and unexpected role; (4) Cti6, a Cyc8–
Tup1 interactor, is also essential for GAL induction in
SEY6210; (5) Cti6 binds PI(3,5)P2 lipid with high speci-
ficity; (6) in Gal medium, nuclear localization of Cti6

depends on PI(3,5)P2, Cyc8, and Tup1; and (7) PI(3,5)P2 is
required for the recruitment of the SAGA complex to the
GAL1 promoter in SEY6210. Here we identified Tup1 and
Cti6, key transcriptional regulators of GAL1, as new
specific PI(3,5)P2-binding proteins. PI(3,5)P2 is required
for nuclear localization of Cti6 and for Cti6–Cyc8–Tup1-
mediated SAGA recruitment to the GAL1 promoter. Our
results reveal that the endosomal lipid PI(3,5)P2 plays
a key role in the transcriptional regulation of GAL1.

Figure 5. PI(3,5)P2 and the Cyc8–Tup1 complex are required for
nuclear localization of Cti6 in Gal medium. (A) Cti6 localized
primarily in the nucleus in fab1D cells in Glu medium, but Cti6
began to accumulate in the cytoplasm upon Gal shift, and a
significant portion of Cti6 was observed in the cytoplasm at 4 h
after Gal shift. Tup1 localized primarily in the nucleus at 4 h
after Gal shift. (B) Cti6 localized in the nucleus in tup1D cells in
Glu medium, but began to accumulate in the cytoplasm upon
Gal shift. Similarly, in cyc8D cells, Cti6 localized in the nucleus
in Glu medium, but a significant portion of Cti6 localized in the
cytoplasm in Gal medium. Also, a significant portion of Cti6
often localized in the cytoplasm of cyc8D cells in Glu medium.

Figure 6. PI(3,5)P2 is required for Cti6’s interaction with SAGA
and for the recruitment of the SAGA complex to the GAL1

promoter in Gal medium. (A) Flag-tagged Cti6 was immunopre-
cipitated from the extracts prepared from the same number of
cells grown in Glu and Gal media. Coimmunoprecipitated Gcn5
significantly increased from wild-type (WT) cell extract in Gal
medium compared with in Glu medium. In contrast, coimmu-
noprecipitated Gcn5 was not detectable from fab1D cell extracts
in both Glu and Gal media. Much less Cti6 was immunopre-
cipitated from fab1D cells in Gal medium, probably due to its
instability in the cell extract (see the text). (B) ChIP-qPCR
experiments were performed with wild-type and fab1D cells
containing HA-tagged Gcn5 protein (n = 3). The amount of Gcn5
associated with the GAL1 promoter increased significantly
(;15-fold) in wild-type cells in Gal medium. In contrast, no
significant increase of Gcn5 was detected in fab1D cells in Gal
medium. The amount of Tup1 associated with the GAL1 pro-
moter was not significantly changed in both wild-type and
fab1D cells in Gal medium compared with Glu medium. A
slightly increased amount of Tup1 associated with the GAL1

promoter was detected in wild-type cells in Gal medium. The
amount of Gal4 bound to the GAL1 promoter increased a few-
fold in wild-type cells (about fivefold) and fab1D cells (about
twofold) in Gal medium.
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Based on these results, we propose that (1) upon Gal
shift, there is dynamic nucleocytoplasmic shuttling of
Cti6, Cyc8, and Tup1; (2) PI(3,5)P2 recruits Cyc8–Tup1
and Cti6 to the late endosomal/vacuolar membrane and
mediates the assembly of the Cti6–Cyc8–Tup1 complex,
an event that is required for Cti6’s shuttling into the
nucleus; and (3) once in the nucleus, the Cti6–Cyc8–Tup1
complex functions as a transcriptional coactivator by
recruiting the SAGA complex to the GAL1 promoter
(Fig. 7).

To induce GAL genes upon Gal shift, the chromatin
architecture at the GAL promoters has to transition from
the repressed chromatin state to an activated chromatin
state (Lohr 1997; Lo et al. 2005; Pinskaya et al. 2009).
Because Mig1 and Gal80 rapidly translocate out of the
nucleus upon Gal shift, significant changes at GAL pro-
moters appear to take place at early times (De Vit et al.
1997; Peng and Hopper 2002). Our results suggest that
a significant portion of Cti6 shuttles out of the nucleus
upon Gal shift, and that PI(3,5)P2-containing endosomes/

vacuoles mediate the assembly of a transcriptional coac-
tivator, the Cti6–Cyc8–Tup1 complex. Similarly, in the
TGF-b/Smad signaling in metazoan cells, PI(3)P-contain-
ing endosomes regulate the formation of a transcriptional
activator, the Smad2–Smad4 complex, by recruiting the
PI(3)P-binding protein SARA that anchors Smad2 at the
endosome (Tsukazaki et al. 1998).

There are several advantages of functional regulation of
transcriptional factors at the endosome instead of inside
the nucleus. One obvious advantage is that the functional
regulation of transcriptional factors can be tightly coupled
to cytoplasmic signaling events, thus making nuclear
regulation of gene expression more tightly intertwined
with extracellular signals. Many of the genes regulated
by Tup1 are required for stress responses. The recruitment
of Tup1 to endosomes could allow it to detect cytoplasmic
changes. In addition, this spatial separation of the func-
tional regulation of these transcriptional regulators could
permit more specific and tight transcriptional control of
target genes.

Figure 7. A model for the PI(3,5)P2 func-
tion in GAL induction. We propose that (1)
upon Gal shift, there is dynamic nucleocy-
toplasmic shuttling of Cti6, Cyc8, and Tup1;
(2) PI(3,5)P2 recruits Cyc8–Tup1 and Cti6 to
the late endosomal/vacuolar membrane and
mediates the assembly of the Cti6–Cyc8–
Tup1 complex that is required for Cti6’s
shuttling into the nucleus; and (3) once in
the nucleus, the Cti6–Cyc8–Tup1 complex
functions as a transcriptional coactivator by
recruiting the SAGA complex to the GAL1

promoter.
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We identified two new PI(3,5)P2-binding proteins: Tup1
and Cti6. Tup1 and Cti6 are known to form a complex,
the Cti6–Cyc8–Tup1 complex (Papamichos-Chronakis
et al. 2002). Our observations here suggest that PI(3,5)P2

recruits Cyc8–Tup1 and Cti6 to the late endosomal/
vacuolar membrane and mediates the assembly of a tran-
scriptional coactivator, the Cti6–Cyc8–Tup1 complex
(Supplemental Fig. S4B). PI(3,4,5)P3 signaling at the
plasma membrane recruits Akt and PDK, proteins con-
taining PH domains that bind PI(3,4,5)P3. PDK then can
phosphorylate and activate Akt (Supplemental Fig. S4B)
(Engelman et al. 2006). PI(3,5)P2 and PI(3,4,5)P3 are among
the rarest PIPs. Recruitment of two PIP-binding proteins
by these rare PIPs to a specific locus at a specific time
could provide a way to achieve a highly specific signaling
event involving the two proteins in the complex intra-
cellular environment.

We do not rule out the possibility that the PI(3,5)P2-
dependent regulation of Tup1 and Cti6 might occur in the
nucleus. For example, a water-soluble inositol 1,3,5-tri-
phosphate [Ins(1,3,5)P3] that is cleaved from PI(3,5)P2

could diffuse into the nucleus and interact with Tup1
and Cti6, or a small pool of the Fab1 kinase might
function in the nucleus. In fact, there are reports show-
ing that a small pool of a PI 4-kinase and a PI(4)P 5-kinase
exist in the nucleus (Audhya and Emr 2003; Strahl et al.
2005). In addition, inositol tetrakisphosphate and inositol
pentakisphosphate modulate the activity of chromatin
remodeling complexes, including the SWI/SNF complex
(Shen et al. 2003; Steger et al. 2003). However, we do not
favor these possibilities because (1) a water-soluble
Ins(1,3,5)P3 has not been detected in yeast (Stevenson-
Paulik et al. 2006); (2) nuclear Fab1 kinase has not been
observed; and (3) Vac7, an integral vacuolar membrane
protein, is essential for the function of Fab1 kinase (Gary
et al. 2002).

Is the transcriptional induction of other Tup1-repressed
genes regulated by a similar PI(3,5)P2-dependent mecha-
nism? GRE2 is another Tup1-repressed gene whose tran-
scription is activated by Cyc8–Tup1 and SAGA recruit-
ment (Proft and Struhl 2002). RT-qPCR analyses of GRE2
mRNA showed that the transcriptional induction of GRE2
by hyperosmotic stress occurs normally in SEY6210 fab1D

cells (Supplemental Fig. S4C). Importantly, the results
suggest that PI(3,5)P2 is not generally required for the
recruitment of general transcriptional regulators such
as the SAGA complex or the Pol II complex. Although
the transcriptional induction of GRE2 does not re-
quire PI(3,5)P2, we believe that there are additional Tup1-
repressed genes whose induction depends on PI(3,5)P2.
Interestingly, we found that SEY6210 fab1D cells have
a sporulation defect similar to S. pombe fab1D cells
(Morishita et al. 2002). Because several sporulation genes
repressed by Cyc8–Tup1 (with a1–a2 repressors) have to
be induced for sporulation to take place, it will be
interesting to investigate whether the sporulation defect
is due to a defect in transcriptional induction of some
of these genes.

Tup1 is a highly conserved protein. Humans and
Drosophila have TUP1 homologs—TLE and Groucho,

respectively—that also function as transcriptional repres-
sors (Buscarlet and Stifani 2007). It has been shown that
Groucho plays a crucial role in Drosophila neurogenesis
(Paroush et al. 1994). Recently, it was reported that
mutations in the homologs of VAC14 and FIG4 cause
neurodegeneration in humans and mice (Chow et al. 2007;
Zhang et al. 2007). Given that Vac14 and Fig4 are required
for normal synthesis and stability of PI(3,5)P2, and that
TLE/Groucho proteins play an important role in neuronal
development, the PI(3,5)P2-dependent regulatory pathway
of GAL1 transcription that we identified here may provide
important insights toward our understanding of these
defects. The function of TLE/Groucho proteins may be
regulated by PI(3,5)P2-dependent signaling analogous to
our observations in yeast. Interestingly, cytoplasmic local-
ization, as well as nuclear localization of TLE/Groucho,
was reported in cultured human cells (Nuthall et al. 2002).
An important test will be to examine whether PI(3,5)P2 is
required for overriding or converting the repression func-
tion of a TLE/Groucho protein.

Materials and methods

Yeast strains and plasmids

Yeast strains and plasmids were generated by standard genetic
and molecular methods. Supplemental Tables S1 and S2 sum-
marize the yeast strains and plasmids used in this study.

Gal shift experiments

For all of the experiments performed in Glu medium, yeast cells
were taken at the early exponential growth phase. For Gal shift
experiments, yeast cells were grown in YPD or synthetic
medium containing 2% Glu, collected at the exponential phase,
washed twice with Glu-free medium, and resuspended in YP
or synthetic medium containing 2% Gal (YPGal medium). For
Gal shift experiments in Figure 2F, cells were grown in YPD,
collected at the exponential phase, washed twice with Glu-free
medium, and resuspended in YP containing 5% Gly and 0.01%
Glu (YPGly medium). Cells grown in YPGly medium overnight
were collected, washed twice with Glu-free medium, and resus-
pended in YPGal medium.

Protein–lipid overlay assay

Using commercial PIPs (Cell Signaling), protein–lipid overlay
assays were performed based on Gozani et al. (2003). Fifty
micrograms of bacterially expressed and purified proteins was
used for each assay.

Bacterial expression and purification of protein

The proteins were expressed in C41 Escherichia coli (Lucigen)
and purified by a single-step elution method according to the
manufacturer’s instructions.

Cell extraction, immunoprecipitation, and Western analysis

Yeast cells were lysed by standard bead-beating methods in
50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.2% Tween 20, and
protease inhibitor cocktail (Roche) (Han et al. 2005). For immu-
noprecipitation, soluble extract fractions were used after prepa-
ration by centrifuging the lysates at 13,000g for 10 min (twice).
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Proteins were analyzed by standard Western analysis methods
(Han et al. 2003).

Dye staining and fluorescence microscopy

All imaging of yeast cells was performed using a Delta Vision RT
system (Applied Precision). Hoechst 33342 (Invitrogen) was used
to stain the nucleus in live yeast cells according to the manu-
facturer’s instructions.

RT-qPCR analysis

Two-step RT-qPCR was performed using SYBR green (Petesch
and Lis 2008). Total RNA was purified using RNeasy minikit
(Qiagen), and first strand cDNA was synthesized using Super-
ScriptIII reverse transcriptase kit (Invitrogen). ACT1 mRNA was
used as an internal reference calibrator. DDCt analysis method
was used to quantify mRNA. Supplemental Table S3 summa-
rizes the primers used in RT-qPCR.

ChIP-qPCR analysis

Yeast cell cross-linking and lysis were performed based on
Goldfarb and Alani’s protocol (Goldfarb and Alani 2004). Five
percent of input lysate was saved. The remaining lysate was
divided into two aliquots, one of which was immunoprecipitated
with a-HA antibody (12CA5, Roche) and the other with no
antibody. qPCR was performed with the purified DNA from the
immunoprecipitate based on Petesch and Lis’s methods (Petesch
and Lis 2008) using a pair of primers (TGATTTTTGATCTAT
TAACAGATA and CATTTGAATAAGAAGTAATACAAA) that
amplify a region in the GAL1 promoter (Papamichos-Chronakis
et al. 2002; Petesch and Lis 2008).
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