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ABSTRACT

Transcriptional regulation, a pivotal biological pro-
cess by which cells adapt to environmental fluctu-
ations, is achieved by the binding of transcription
factors to target sequences in a sequence-specific
manner. However, how transcription factors recog-
nize the correct target from amongst the numerous
candidates in a genome has not been fully eluci-
dated. We here show that, in the fission-yeast fbp1
gene, when transcription factors bind to target se-
quences in close proximity, their binding is recip-
rocally stabilized, thereby integrating distinct sig-
nal transduction pathways. The fbp71 gene is mas-
sively induced upon glucose starvation by the ac-
tivation of two transcription factors, Atf1 and Rst2,
mediated via distinct signal transduction pathways.
Atf1 and Rst2 bind to the upstream-activating se-
quence 1 region, carrying two binding sites located
45 bp apart. Their binding is reciprocally stabilized
due to the close proximity of the two target sites,
which destabilizes the independent binding of Atf1
or Rst2. Tup11/12 (Tup-family co-repressors) sup-
press independent binding. These data demonstrate
a previously unappreciated mechanism by which two
transcription-factor binding sites, in close proximity,
integrate two independent-signal pathways, thereby
behaving as a hub for signal integration.

INTRODUCTION

Transcriptional control is essential to all organisms to adapt
to environmental change. Transcriptional aberrations are
related to serious diseases, including cancer (1). Investigat-
ing transcriptional regulatory mechanisms is therefore an
important area of research. The transcriptional response of

the proper gene at the proper time is accomplished by the
regulation of transcription-factor (TF) binding. TF bind-
ing status determines which genes are activated or repressed
and when (2,3). However, how TFs search for and recognize
their target sequences from among the numerous candidate
sites in a huge genome has not been fully elucidated.

Chromatin structure, including the position of nucleo-
somes, is important to the control of transcription. TF-
binding status is linked to open-chromatin regions where
positioned nucleosomes are not formed, since positioned
nucleosomes interfere with TF access to DNA (4,5). Disso-
ciation and/or sliding of nucleosomes mediates open chro-
matin and thus leads to TF-binding and transcriptional
activation. Conversely, some TFs (referred to as pioneer
TFs) initially bind to target sites in nucleosome-formed het-
erochromatin, thereby inducing open-chromatin configura-
tions around their binding motifs and allowing access to
newly arrived TFs (6-8). Thus, the local chromatin struc-
ture is closely linked to TF binding and plays a pivotal role
in transcriptional regulation.

In the fission yeast Schizosaccharomyces pombe, tran-
scription of the fbpl gene, which encodes fructose-1,6-
bisphosphatase, an essential enzyme for gluconeogenesis,
is massively activated in response to glucose starvation
(9,10). Transcription of fbpl is activated by two TFs: the
CREB/ATF type TF Atfl and the C,H, zinc-finger type
TF Rst2 (11,12). Atfl and Rst2 bind to fbpl upstream cis-
acting elements called upstream activating sequences 1 and
2 (UASI1 and UAS2), respectively (12). UASI includes a
cAMP response element, while UAS2 includes a stress re-
sponse element (12). These sites are located 627 bp apart in
the fbpl upstream region.

The two TFs, Atfl and Rst2, are regulated through
distinct-signaling pathways. Under glucose starvation
stress, Atfl is phosphorylated and activated by the
Spcl/Styl mitogen-activated protein kinase (MAPK)
pathway (13-15). Rst2 is activated under glucose starvation
by the inactivation of protein-kinase A (PKA) via the
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repression by the PKA-regulatory subunit, Cgsl, following
depletion of cellular cAMP (11,16-18). In addition to
these regulatory mechanisms, Tup-family co-repressors
Tupll and Tupl2 play critical roles in fbpl regulation
(19-23). However, the relationship between the TFs and
the Tupll/12 co-repressors remains uncertain. We pre-
viously demonstrated that Rst2 is initially recruited to a
CT-rich binding motif located 45 bp upstream from the
Atfl-binding site (UAS1) and subsequently delivered to
UAS2 through a local-loop structure during the early
stages of fbpl transcription (20). Thus, Rst2 and Atfl
initially bind to a region where the two binding sites are in
close proximity. We herein define this region as the ‘UAS1
region,” which carries two binding motifs located 45 bp
apart (Figure 1A).

In this study, we demonstrate that Atfl and Rst2 interde-
pendently bind to the UASI region in close proximity. The
Tupl1/12 co-repressors suppress the independent binding
of Atfl or Rst2, but this interdependent binding of the two
TFs counteracts this suppression. This study demonstrates
how two TF-binding motifs in close proximity can facilitate
the integration of distinct signaling pathways and thereby
serve as a hub for signal integration.

MATERIALS AND METHODS
Fission yeast strains, genetic methods and cell culture

The fission yeast strains used in this study are listed in
Supplementary Table S1. Yeast-extract-repression (YER)
medium (yeast extract containing 6% glucose) and yeast-
extract-derepression (YED) medium (yeast extract contain-
ing 0.1% glucose and 3% glycerol) supplemented with ade-
nine (50 pg/ml) were used for cell culture under glucose-
rich and starvation conditions, respectively. Transforma-
tion was carried out using the lithium-acetate method,
as described previously (24). Standard genetic procedures
were carried out as described previously (25). To select
kanamycin-resistant and uracil-auxotrophic colonies, cul-
ture suspensions were inoculated onto plates containing
yeast extract (YE) and 2% glucose, incubated for 16 h, then
replica-plated onto YE plates containing 100 pg/ml G-418
sulfate (Wako) and SD plates containing 100 pg/ml uracil
and 1 mg/ml of 5-FOA (Wako), respectively.

Primers

Primer sequences are shown in Supplementary Table S2.

Construction of Insertion-100 bp and Insertion-300 bp strains

To insert a 100 or 300 bp actl sequence between the two
TF-binding sites in the fbp/ UASI region, we amplified
three fragments, actl-core, fbpl-left and fbpl-right, using
primers P1 and P2 or P3, P4 and PS5, and P6 or P7 and
P8, respectively (Supplementary Table S2.). The resultant
fragments, fbp1-left and fbp1-right, carry sequences flanked
by 20 bp actl sequences. The fragments were purified us-
ing a QIAquick gel extraction kit (Qiagen). The three DNA
fragments were jointed and amplified using primers P4 and
P8 and cloned using a Zero Blunt™TOPO™PCR Cloning
kit (Thermo Fisher Scientific). Introduction of insertions

was confirmed by sequencing using primer P31. PCR
amplification using these plasmids together with primers
P4 and P8 produced products used to target changes to
the fbpl chromosomal locus. A strain carrying a wura4
selection-marker gene at the fbpl upstream region Hpal
site was transformed to SFOA-resistance due to the loss
of ura4 with the PCR products. Insertion of the act/
sequence was confirmed by PCR using primers P9 and
P10. We confirmed the insertion of these sequences by
the direct sequence analysis of amplified fragments using
primer P31.

Construction of Insertion-5, 10, 15 and 20 bp strains

Toinserta 5, 10, 15 or 20 bp actl sequence between the two
TF-binding sites in the fbp/ UASI region, we amplified two
fragments, fbpl-left and fbpl-right carrying short act! se-
quences (5, 10, 15 or 20 bp) at their flanking sequence, using
primers P4/P32 and P8/P33 (for 5 bp), P4/P34 and P§/P35
(for 10 bp), P4/P36 and P8/P37 (for 15 bp), or P4/P38 and
P8/P39 (for 20 bp), respectively (Supplementary Table S2).
The fragments were purified using a QIAquick gel extrac-
tion kit (Qiagen). The two DNA fragments were joined and
amplified using primers P4 and P8 phosphorylated by T4
Polynucleotide Kinase (Takara) and cloned into the EcoRV
site in pBlueScript II SK (-). Introduction of insertions was
confirmed by sequencing using primer P31. PCR amplifica-
tion using these plasmids together with primers P4 and P8
produced products used to target changes to the fbp! chro-
mosomal locus. A strain carrying a ura4 selection-marker
gene at the fbpl upstream region Hpal site was transformed
to 5-FOA-resistance due to the loss of ura4 with the PCR
products. Insertion of the act/ sequence was confirmed by
PCR using primers P9 and P10. We confirmed the insertion
of these sequences by the direct sequence analysis of ampli-
fied fragment.

Construction of fup A A strains

To construct the tupllA/tupl2A/Insertion-100 bp and
tupl 1A Jtupl2 A/ Insertion-300 bp strains, the tupll:: ura4
locus was amplified using primers P11 and P12, after which
the Insertion-100 bp and Insertion-300 bp strains were trans-
formed with the resultant PCR product and selected for
uracil prototrophy using SD plates lacking uracil. To fur-
ther disrupt the rupl2 gene, the genome sequence contain-
ing tupl2 was amplified using primers P13 and P14 and
cloned into pBlueScript I SK (+). The resulting plasmid
was digested at the HindIII site within tup/2 and a LEU2
cassette was introduced to generate the Tup12::LEU2 plas-
mid. The tupl2::LEU2 sequence was amplified from this
plasmid using primers P15 and 16 and used to disrupt tup12.
The tupl1A strains, derived from either Insertion-100 bp or
Insertion-300 bp, were transformed with the PCR product
and selected for leucine prototrophy. To confirm rupAA,
tupll and tupi?2 loci were amplified using primers P17 to
18 and P19 to 20, respectively.

Construction of rst2-3flag strains

All rst2-3flag strains were constructed as described previ-
ously (26).
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Figure 1. Both Atfl and Rst2 are required for chromatin opening around the UASI region. (A) Schematic representation of TF-binding sites in the fbp!/
promoter. The Atfl- and Rst2-binding sites are located 45 bp apart in the UASI region. (B) The chromatin structure upstream from the fbp/ gene was
analyzed by an M Nase-digestion assay in wild-type, atfI A and rst2A cells. Lane N represents the partial digestion of naked DNA with MNase. Lane M
represents the size marker (\EcoT14I, Takara Bio). The indicated cells were cultured in YER medium (+glucose; 0 min), then transferred to YED medium

(—glucose) and cultured for 30 min. The extracted chromatin DNA was partially

digested by MNase 0, 20 and 50 U/ml at 37°C (from left lane). The purified

DNA was digested by HindlIII, followed by Southern blot analysis to detect the MNase-sensitive sites. Black arrowheads represent MNase sensitive sites

induced by glucose starvation, while the gray arrow and arrowhead represent

constitutive MNase sensitive sites around the UASI region. Quantitative

data for the intensity of MNase sensitive bands is shown in Supplementary Figure S1. (C) fbp! transcription was examined by northern blot analysis in
wild-type, atfl A, and rst2 A cells. Cells were cultured as in (B). The cam! transcript was used as an internal control (45).

Northern blot and indirect end-labeling analysis using
MNase-digested chromatin DNA

Northern blot and MNase digestion assays were performed
as described previously (27). For the MNase digestion assay,
a DNA probe for the HindIII-end was prepared using the
Megaprime™ DNA Labeling System (GE Health Care) and
a PCR fragment as a template. PCR was performed using
primers P21 and P22.

Chromatin immunoprecipitation (ChIP) and qPCR

Chromatin immunoprecipitation coupled with quantitative
PCR (ChIP-gPCR) was performed as previously described
using anti-Atf1 (abcam ab18123) and Anti-DYKDDDDK
(Wako 018-22383) antibody (20,28). For the detection of
the UASI region, Atfl-binding site, Rst2-binding site, and
Prp3-ORF, primers P23 and P24, P25 and P26, P27 and
P28, P29 and P30 were used, respectively.
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Sequential ChIP analysis

Fifty milliliters of culture was incubated with 37%
formaldehyde (1.4 ml) solution for 20 min at room tem-
perature, after which 2.5 M glycine (2.5 ml) was added
and incubated for 5 min. After centrifugation, collected
cells were washed twice with ice-cold TBS buffer (150 mM
NaCl, 20mM Tris—HCI [pH 7.5]). The cells were mixed
with lysis 140 buffer (400 wl) (0.1% Na-deoxycholate, 1
mM EDTA, 50 mM HEPES-KOH [pH 7.5], 140 mM
NaCl and 1% Triton X100) and zirconia beads (0.6 ml)
were added. After disruption of cells using a multi-beads
shocker (Yasuikikai, Osaka, Japan), the suspension was
sonicated 6 times for 30 s each to shear chromosomal DNA
into fragments (about 500 bp) and centrifuged at 4°C, after
which the supernatant was collected as a whole-cell extract.
The recommended amount of antibodies (anti-Atf1 [abcam
ab18123] and Anti-DYKDDDDK [Wako 018-22383]) ac-
cording to the specifications provided by the manufacturer,
and DYNA-protein A beads (20 wl) (DYNAL, Oslo, Nor-
way) were mixed at 4°C overnight to conjugate antibodies
and beads. Whole-cell extract (300 wl) was mixed with pre-
treated Anti-DY KDDDDK-beads complex and allowed to
immunoprecipitate overnight at 4°C. The precipitates were
washed twice with lysis 140 buffer and once with lysis 500
(0.1% Na-deoxycholate, 1| mM EDTA, 50 mM HEPES-
KOH [pH 7.5], 500 mM NacCl and 1% Triton X100), then
washed a further two times with wash buffer (0.5% Na-
deoxycholate, 1 mM EDTA, 250 mM LiCl, 0.5% NP-40,
and 10 mM Tris—HCI [pH 8.0]), then washed a final time
with TE (10 mM Tris—-HCI [pH 8.0] and 1 mM EDTA). The
well-washed precipitates were mixed with TBS buffer (100
wl) containing 5 mg/ml of 3-FLAG peptide (Sigma) and
held at room temperature for 30 min to allow for the elu-
tion of co-precipitant. Eluted materials were diluted by ly-
sis 140 buffer (300 1) and mixed with pretreated Anti-Atf1-
beads complex and allowed to immunoprecipitate overnight
at 4°C. The precipitates were washed as described above
and allowed to elute the immunoprecipitated protein-DNA
complexes in elution buffer (40 wl) (10 mM EDTA 1% SDS
and 50 mM Tris—HCI [pH 8.0]) at 65°C for 10 min. The sam-
ples were then mixed with TE buffer (250 wl) containing
1% SDS and 63 g of proteinase K (Merck, Darmstadt,
Germany) and incubated at 37°C for 16 h. After incuba-
tion, the temperature was shifted to 65°C and the samples
were incubated for a further 6 h. After incubation, DNA
was phenol/chloroform extracted from each of the samples.

Next-generation sequence analysis of sequential ChIP sam-
ples

The above-described sequential-ChIP samples, including
input DNA, ChIP control samples (ChIP without antibod-
ies), and sequential-ChIP samples (pulled down with «-
Atfl and a-Flag antibodies), were used for next-generation
sequence analysis. We prepared a library from the eluted
DNA samples using the NEBNext Ultra 11 FS DNA Li-
brary Prep Kit for Illumina (NEB, MA) with the END
repair/dA-tailing module and Index primers (NEB, MA).
Sequencing was conducted by Eurofins Genomics (Eu-
rofins Scientific, Luxembourg). Read-mapping was carried
out as previously described (29). The sequential-ChIP seq

data are available at DDBJ Sequence Read Archive (DRA)
(https://www.ddbj.nig.ac.jp/dra/index.html, accession num-
ber: DRA011814).

RESULTS

Atfl and Rst2 are required for chromatin opening in the
UASI region

The UASI region carries binding sites for Atfl and Rst2,
which are located 45 bp apart from each other (Figure 1A).
To examine the involvement of these TFs in the regulation
of local chromatin configuration in the UAS1 region dur-
ing fbpl transcriptional activation, we employed indirect
end-labeling analysis using micrococcal-nuclease (M Nase)-
digested chromatin to reveal nuclease-hypersensitive sites,
which reflect an open chromatin configuration. To investi-
gate the position of MNase-sensitive sites in the UASI re-
gion, we set the probe near a HindIII site that is located 241
bp from the Atfl-binding site in the UASI region. In wild-
type cells, two prominent MNase-sensitive sites appeared
around the UASI region under glucose starvation (i.e. at 30
min) (Figure 1B, black arrowheads) between two constitu-
tive M Nase sensitive sites (Figure 1B, gray arrow and arrow-
head). In marked contrast, azfI A and rst2A cells exhibited
less-prominent, M Nase-sensitive bands around the UAS1
region upon glucose starvation (Figure 1B). The distribu-
tion of the band intensity is shown in Supplementary Figure
S1. Moreover, loss of Atfl completely eliminated fbp! ex-
pression, while loss of Rst2 reduced, but did not completely
eliminate, fbpl expression (Figure 1C). Such reduced fbp!
expression in rst2A cells has been detected at later time-
points after glucose starvation (11,22), thus the reduction
in fbpl expression in rst2A cells seen here is not simply a
reflection of delayed kinetics. These data indicate that both
Atfl and Rst2 are required for chromatin opening around
UASI region and activation of fbp/ mRNA transcription.

Activation of both Atfl and Rst2 is required for chromatin
opening in the UASI region

We next sought to examine the activation requirements of
both TFs: Atfl and Rst2. Atfl and Rst2 are regulated
by distinct-signal pathways, the MAPK and PKA path-
ways, respectively. Atfl is phosphorylated and activated
by a MAPK, Spcl (13-15), while Rst2 is activated by the
suppression of PKA via the PKA-regulatory subunit Cgsl
(11,16,18). To determine if activation of both TFs is re-
quired for chromatin opening in the UAS1 region, we exam-
ined chromatin opening in spcl/ A and cgsl A cells. As with
the atfl A and rst2 A cells, both spcl A and cgsI A cells ex-
hibited a less-prominent M Nase-sensitive site under glucose
starvation (Figure 2A, black arrowheads) between two con-
stitutive M Nase sensitive sites (Figure 2A, gray arrow and
arrowhead), compared to wild-type cells. The distribution
of the band intensity is shown in Supplementary Figure S2.
Moreover, both spcl A and cgsI A cells exhibited defects in

fbpl mRNA induction (Figure 2B). These data suggest that

activation of both TFs via distinct-signaling pathways is es-
sential for chromatin opening in the UAS1 region and acti-
vation of fbpl mRNA transcription.
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Figure 2. Activation of both Atfl and Rst2 is pivotal for chromatin open-
ing around the UASI region. (A) The chromatin structure was assessed as
in Figure 1B in wild-type, spcl/ A and cgsI A cells. Lane M represents the
size marker (\EcoT 141, Takara Bio). Black arrowheads represent MNase
sensitive sites induced by glucose starvation, while the gray arrow and ar-
rowhead represent constitutive M Nase sensitive sites around the UASI re-
gion. Quantitative data for the intensity of MNase sensitive bands is shown
in Supplementary Figure S2. (B) fbpl transcription was examined as in
Figure 1C in wild-type, spcl A and cgsI A cells.

Atfl and Rst2 interdependently bind to the UASI region

Having established that activation of both Atfl and Rst2
is required for chromatin opening in the UASI region, we
posited a possible collaboration between Atfl and Rst2
binding to the UASI region. To test this assumption, we ex-
amined both Atfl and Rst2 binding to the UASI region via
chromatin-immunoprecipitation (ChIP) analysis. In wild-
type cells, the binding of Atfl and Rst2 to the UASI region
was increased under glucose starvation (Figure 3A), while
binding of Atfl and Rst2 to the UASI region was signifi-
cantly reduced in rst2A and atf1 A cells, respectively (Fig-
ure 3A). Thus, Atfl is indispensable for the stable binding
of Rst2 to the UASI region, while Rst2 enhances binding
of Atfl to this region. We next examined the binding of
Atfl and Rst2 to the UASI region in cells carrying a mu-
tation in either the Rst2 binding CT-rich sequence (Rst2
binding-mut) cells (20) or the Atfl binding CRE sequence
(Atf1 binding-mut) cells (12), respectively. As with the rst2 A
and atfIA cells, binding of Atfl and Rst2 to the UASI
region was significantly reduced in Rst2 binding-mut and
Atfl binding-mut cells (Figure 3B). These data indicate that
Atfl and Rst2 bind to the UASI region in an interdepen-
dent manner and further suggest that they reciprocally sta-
bilize binding.
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Close proximity of the two binding motifs is required for the
interdependent binding of Atfl and Rst2 to the UASI region

To test whether or not the close proximity of Atfl and Rst2
in the UASI region is required for the reciprocal stabiliza-
tion of their binding, we examined the effect of increasing
the distance between the two TF binding sites. To this end,
we inserted 100 bp or 300 bp of actl sequence between the
Rst2 and Atfl-binding sites and generated Insertion-100 bp
or Insertion-300 bp strains, respectively (Figure 4A). An actl
ORF sequence was used as a neutral sequence carrying no
TF-binding activity (30,31). We examined the effect of these
changes on chromatin remodeling in the UASI region. As
we previously showed, wild-type cells displayed two promi-
nent MNase-sensitive sites in the UASI region upon glu-
cose starvation (Figure 4B, black arrowheads) between the
constitutive MNase sensitive sites (Figure 4B, gray arrow
and arrowheads). The distribution of the band intensity
is shown in Supplementary Figure S3. Note that in this
experiment, we observed that the Rst2-binding site corre-
sponds to the two prominent M Nase-sensitive sites that ap-
pear in the wild-type cells (Figure 4B, black arrowheads),
while the Atfl-binding site showed a constitutive open-
chromatin configuration (Figure 4B, gray arrow). In the
Insertion-100bp and Insertion-300 bp strains, the intensity
of the two MNase-sensitive sites around the Rst2-binding
site was markedly reduced (Figure 4B and C). The distri-
butions of the band intensity are shown in Supplementary
Figure S3. These results indicate that close proximity of the
two binding motifs is required for efficient chromatin open-
ing at the Rst2-binding site in the UASI region. Moreover,
induction of fbpl-mRNA was reduced as the distance be-
tween the two TF-binding sites increased, indicating that
close proximity is pivotal for efficient fbp! induction. (Fig-
ure 4D, Supplementary Figure S4).

The significance of close proximity between the two TF-
binding sites in the UASI1 region led us to hypothesize that
Atfl and Rst2 bind to adjacent sites and stabilize each
other’s binding. To test this hypothesis, we examined the
binding status of Atfl and Rst2 in the insertion mutants. Ef-
ficiency of Atfl binding to the UASI region was gradually
reduced as the distance between the two TF-binding sites
increased (Figure 4E). Strikingly, efficiency of Rst2 binding
to the UASI region was critically impaired by the 100 bp-
insertion (Figure 4E). In sum, these data indicate that stable
binding of both Atfl and Rst2 depends upon the two bind-
ing sites being in close proximity, and further suggests that
independent binding of these TFs is destabilized by some
mechanism(s).

Loss of Tup11/12 bypasses the close-proximity requirement
of the two TF-binding sites for stable TF-binding to the UAS1
region

We hypothesized that the transcriptional co-repressors
Tupll and Tupl2 (Tupll/12) might be involved in the
destabilization of independent TF-binding to the UASI
region, since these co-repressors play a role in the desta-
bilization of the independent binding of Rst2 to UAS2,
and the delivery of Rst2 from the UASI region via local
genome-loop structure counteracts this destabilization (20).
To test this assumption, we examined the role of Tupl1/12
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Figure 3. Atfl and Rst2 interdependently bind to the UASI region. (A, B) Binding of Atfl and Rst2-3flag to the UASI region in wild-type, rsz2A, and
atfl A cells (A) and wild-type, Atfl binding-mut, and Rst2 binding-mut cells (B) was examined by ChIP analysis. Cells were cultured as in Figure 1B. ChIP
signals were quantified by qPCR as described in Materials and Methods. ChIP signals for the prp3 open-reading frame (ORF) were used for normalization.
Error bars represent standard deviation from two independent experiments. Statistical significance (Student’s ¢-test) was as follows: “P < 0.05, ™ P < 0.01.

in TF-binding destabilization by generating rupl 1A tupl2 A
(tup A A) strains from the insertion-mutant strains (Figure
4A), and measuring TF binding to the UASI region, as
was done in Figure 4E. As expected, loss of Tupll/12
(tupl1/tupl2—/-) augmented binding of Atfl and Rst2 in
wild-type cells (Figure 5A, insertion 0 bp), which is con-
sistent with the role played by the Tup superfamily co-
repressors in the repression of TF recruitment (20,32,33).
More importantly, loss of Tup11/12 significantly restored
binding of Atfl and Rst2 to their target sites in Insertion-
100 bp and Insertion-300 bp strains (Figure SA, insertion
100 and 300 bp). Likewise, loss of Tupl1/12 significantly
rescued transcriptional defects of fbpl mRNA in Insertion-
100 bp and Insertion-300 bp strains (Figure 5B). These re-
sults suggest that Tup11/12 destabilizes binding of Atf1 and
Rst2 to the UASI region and that concurrent binding of
these TFs in close proximity counteracts this destabiliza-
tion. Should this be the case, the loss of Tup11/12 might
also suppress the defects of TF-binding in a#f1 A and rst2 A
cells. To test this possibility, we measured TF binding to
the UASI region in atfl1 A, atf1 A/tupll/tupl2 A, rst2 A and
rst2A/tupll/tupl2 A cells. Similar to the data shown in
Figure 3, loss of Rst2 significantly reduced the binding of
Atfl to the UASI region (Figure 6A). Concurrent loss of
Tupl1/12in rst2 A cells significantly augmented Atfl bind-
ing to near the level observed in wild-type cells (Figure 6A,
P < 0.05). Similarly, in the absence of Tup11/12, the Atfl

requirement for Rst2 binding to the UASI region was sig-
nificantly bypassed (Figure 6A, P < 0.05). Defects in fbpl
mRNA activation in atfI1 A and rst2 A cells were also consis-
tently rescued by the loss of Tup11/12 (Figure 6B, C). These
data indicate that Tup11/12 destabilizes and represses indi-
vidual binding of these TFs, whereas reciprocal stabilization
of these TFs in close proximity counteracts this repression.

Importance of relative helical positions of the two TF-binding
sites in the reciprocal stabilization of TFs

If two TFs binding within proximity stabilize each other,
the relative helical position of these binding sites may also
affect binding stabilization. To test this hypothesis, we in-
serted 5, 10, 15, or 20 bp act! sequences between the
Atf1 and Rst2 binding sites in UAS]1 region and generated
Inserion-5 bp, Inserion-10 bp, Inserion-15 bp, or Inserion-
20 bp cells, respectively. As a right-handed double helix in
B-DNA contains ~10 bp per turn (34), the 5 and 15 bp
insertions, but not 10 and 20 bp insertions, might affect
the relative helical position of two TF binding sites (Sup-
plementary Figure S5A). The expression of fbpl was sig-
nificantly reduced in Inserion-5 bp and Inserion-15 bp cells
but not in Inserion-10bp or Inserion-20 bp cells (Supple-
mentary Figure S5B, C). Consistently, Inserion-5 bp and
Inserion-15 bp cells, but not Inserion-10 bp or Inserion-20 bp
cells, exhibited reduced binding of Rst2 in UASI region
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generation sequencing. The sequence-reads mapped in the
whole-fission genome are presented in Supplementary Fig-
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(Figure 7A, arrow). We explored the highly-enriched (in
comparison to input) and highly-augmented (glucose
starved) regions and found the ght4 hexose transporter gene
upstream region using these criteria (Figure 7B, arrow).
The ght4 upstream region has been previously identified as
one of the Tup11/12 binding regions (35). Moreover, Atfl
binding to this region is affected by Tupl1/12 (35). In the
ght4 upstream region, we found two sequences arranged in
tandem containing both putative CRE (Atf1-binding site)
and CT-rich sequences (Rst2 binding sequence) that are lo-
cated 33 and 42 bp apart, respectively (Figure 7C, shaded).
We next addressed a possible collaboration between Atfl
and Rst2 in binding to this region. In wild-type cells, bind-
ing of Atfl and Rst2 to the ght4 upstream region was in-
creased under glucose starvation (Figure 7D). Binding of
Atfl and Rst2 to this region was significantly reduced in
the rst2 A and atf1 A cells, respectively, indicating that Atf1
and Rst2 bind to the ght4 upstream region in an interde-
pendent manner (Figure 7D). Consistently, ght4 was mas-
sively induced under glucose starvation, but such induction
was weaker in the rst2 A and atf1 A cells (Figure 7E). These
results again demonstrate that genomic regions containing
adjacent CRE (Atf1-binding site) and CT-rich (Rst2 bind-
ing sequence) sequences can act as hubs for signal integra-
tion in S. pombe.

DISCUSSION

In this study, we investigated the mechanisms that integrate
the activity of TFs regulated by distinct-signaling pathways
onto their target genomic sequences in the fission yeast
fbpl gene. Our study demonstrates that two TFs, Atfl and
Rst2, both pivotal factors for fbpl transcription regulated
through distinct signaling pathways, interdependently bind
to the UASI region in the fbpl promoter and induce chro-
matin opening in this region. This interdependent TF bind-
ing is facilitated by the proximity of the two TF-binding mo-
tifs, which are located 45 bp apart from each other. The Tup-
family co-repressors Tupl1 and Tupl2 play a role in the re-
pression of the independent binding of Atfl and Rst2, while
the concurrent binding of Atfl and Rst2 in close proximity
counteracts this repression. The present data suggest that
concurrent activation of Atfl and Rst2 through distinct-
signaling pathways permits their stable binding to the UASI
region; thus this region acts as a hub for signal integration
(Supplementary Figure S7).

The essential binding sites for Atfl and Rst2 in the fbpl
promoter are UASI and UAS2, respectively (12). We pre-
viously demonstrated that Rst2 binds to the UASI region
in the initial stage of transcriptional activation and is sub-
sequently delivered to UAS2 (20). We posit that fbp! tran-
scription is tightly controlled through rigorous TF regula-
tion in terms of specificity and timing via a two-step mech-
anism: signal integration in the UASI region during the ini-
tial stage, and recruitment and delivery of Rst2 to the UAS2
region after chromatin opening. In this study, we demon-
strate that the mechanism that integrates the signaling path-
ways on the genomic sequence, is dependent upon the close
proximity of the two TF-binding motifs, with the recruited
TFs stabilizing each other, in fission yeast.
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In the UASI region, the binding sites for Atfl and Rst2
are located 45 bp apart from each other. We conjecture the
following mechanism for reciprocal-binding stabilization:
First, activated Atfl starts to bind to the target site in the
UASI region, since this site has a constitutively open chro-
matin configuration (Figure 4). Second, Rst2 access may be
enhanced by the local influence of the chromatin configura-
tion at the Rst2-binding site in the UASI region via the ad-
jacent Atfl binding. Third, Rst2 binding might further open
the surrounding chromatin, thereby enhancing the binding
stability of both TFs. Should this be the case, activation of
both Atfl and Rst2 would be a prerequisite for the stable
binding of both, as well as chromatin remodeling. This is
indeed the case, as the loss of the upstream essential fac-
tors required for the activation of Atfl or Rst2 critically im-
paired chromatin opening in the UASI region in fbpl tran-
scriptional activation (Figures 1 and 2). In addition to this
mechanism, TF binding might be further stabilized by the
following mechanism: two TFs might directly interact and
stabilize each other. This possibility is supported by the fact
that the distance between the two TF binding sites (45 bp)
equals ~15 nm, which is approximately the predicted total
size of Atfl (60 kDa, 6 nm in a diameter) and Rst2 (62 kDa,
6 nm in a diameter) based on their molecular weights. Thus,
it is possible that the two TFs in close proximity directly
stabilize each other’s binding. Conservation of such recip-
rocal TF-binding stabilization in the other eukaryotic cells
is supported by the observation that significant cooperativ-
ity among 113 TFs has been identified in budding yeast cells
(36). Moreover, a recent report shows that most human TFs
bind to sequences that are bound by more than one type
of TF, suggesting significant TF-TF cooperation (37). Our
current study may add mechanistic insight into such TF-
TF cooperation: (i) reciprocal stabilization of TFs in close
proximity and (ii) destabilization of independent binding of
TFs by Tup-family co-repressors, Tupl1 and Tupl2.

The Tup-family global co-repressor is conserved in flies,
worms, and mammals. Budding yeast Tup1 represses a wide
range of stress-responsive genes by establishing silent chro-
matin via recruitment of histone deacetylase and/or by di-
rectly repressing the general transcriptional machinery (38—
42). Budding yeast Tupl can also directly regulate transcrip-
tion by masking and inhibiting the transcriptional activa-
tion domain of the recruited proteins (43). Moreover, S.
cerevisiae Tupl, S. pombe Tupl1/12, and mouse ortholog
Grg3 also repress the binding of TFs to their target sites
(20,32,33). In fission-yeast cells, Tupl1/12 co-repressors
distribute throughout the fbp! upstream regulatory region,
with peaks at UAS1 and UAS2, and such binding is en-
hanced during fbpl activation (19,26). In this study, we
revealed the previously unappreciated repression mecha-
nism by which independent binding of Atfl or Rst2 to the
UASI region is destabilized, with activation and binding of
both TFs in close proximity counteracting this repression.
Tup11/12 is thus pivotal for the function of the UASI re-
gion as a hub for signal integration. Tupl1/12 is known
to play a pivotal role in the stress-specific transcriptional
response of stress-responsive genes, including fbpl, by re-
pressing the non-specific alteration of chromatin (21,44).
We propose that Tupl1/12 is not a simple repressor and
has broader functions, as demonstrated in this study. One
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possible mechanism for this Tupll/12-mediated, stress-
specific response in fbpl is as follows: Tupl1/12 represses
the binding of TFs to both the UASI region and to UAS2,
and both TF-binding sites are placed in close proximity via
the formation of the local loop structure (20), resulting in
highly specific and ordered TF-binding. Identifying how
Tupl1/12 governs this stress-specific response would fur-
ther assist us to understand this important transcriptional-
response mechanism.
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