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ABSTRACT The arrangement of nucleosomes in chromatin plays a role in transcrip-
tional regulation by restricting the accessibility of transcription factors and RNA poly-
merase |l to cis-acting elements and promoters. For gene activation, the chromatin
structure is altered to an open configuration. The mechanism for this process has
been extensively analyzed. However, the mechanism by which repressive chromatin
is reconstituted to terminate transcription has not been fully elucidated. Here, we in-
vestigated the mechanisms by which chromatin is reconstituted in the fission yeast
Schizosaccharomyces pombe fbp1 gene, which is robustly induced upon glucose star-
vation but tightly repressed under glucose-rich conditions. We found that the chro-
matin structure in the region upstream from fbp1 is closed by a two-step process.
When cells are returned to glucose-rich medium following glucose starvation, changes
in the nucleosome pattern alter the chromatin configuration at the transcription factor
binding site to an inaccessible state, after which the nucleosome density upstream
from fbp1 gradually increases via histone loading. Interestingly, this histone loading
was observed in the absence of the Tup family corepressors Tup11 and Tup12. Anal-
ysis of strains carrying either gene disruptions or mutations affecting nine fission
yeast histone chaperone genes demonstrated that the histone chaperone Asf1 in-
duces nucleosome loading during glucose repression. These data establish a previ-
ously unappreciated chromatin reconstitution mechanism in fbp1 repression.

KEYWORDS histone chaperone, Tup family corepressor, chromatin repression,
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ucleosomes, which consist of core histone and DNA, are the fundamental struc-
tural unit of chromatin (1). The chromatin array is an important determinant for
biochemical reactions, including transcription, since nucleosomes restrict the access of
proteins to control sites within genomic DNA (2-4). For gene activation, the chromatin
structure takes on an open configuration to allow access for trans-acting DNA-binding
factors. Hence, transcriptional activation preferentially occurs in nucleosome-free,
chromatin-accessible regions. Open chromatin regions are returned to a closed con-
figuration for gene repression. While the mechanisms for the changes in chromatin
configuration for gene activation have been extensively studied, the mechanisms for
the changes in chromatin reconstitution for gene repression have not been well
elucidated.
The fission yeast Schizosaccharomyces pombe fbp1 gene, encoding fructose-1,6-
bisphosphatase, is robustly induced by glucose starvation (5, 6). fop1 expression is
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strictly repressed by the Tup family transcriptional corepressors Tup11 and Tup12
(Tup11/12) and activated by transcriptional activators Atf1 and Rst2 (7-10). Atf1, a bZIP
transcription factor, is regulated through phosphorylation by the mitogen-activated
protein kinase (MAPK) pathway (11-13), while Rst2, a C,H, Zn finger transcription
factor, is regulated by the protein kinase A (PKA) pathway (7, 14). Two cis-acting
elements required for fbp1 transcription have also been identified (15). Upstream
activation sequence 1 (UAS1), containing a cyclic AMP (cAMP) response element (CRE),
is the binding site for Atf1 (15), while UAS2, which resembles the Saccharomyces
cerevisiae stress response element (STRE), is the critical binding site for Rst2 (8, 16).

In S. cerevisiae, the Tup corepressor Tup1 represses several genes, which are regu-
lated by glucose, oxidative stress, DNA damage, and other cellular stress responses (17,
18), by establishing a repressive chromatin structure around the target gene promoter
via the recruitment of histone deacetylases (HDACs) (19-22). The Drosophila and human
Tup corepressors, the Groucho (Gro) and transducin-like enhancer of split (TLE) pro-
teins, are also implicated in chromatin-regulated gene repression via the recruitment of
HDACs (23, 24). We recently demonstrated that the S. pombe Tup corepressors
Tup11/12 repress fbp1 transcription by two distinct mechanisms. First, Tup11/12 re-
press chromatin relaxation in the region upstream from the fbop7 promoter. Second,
Tup11/12 interfere with the stable binding of RNA polymerase Il (RNAPII) at the TATA
box (25, 26). We also demonstrated that Tup11/12 repress the binding of Rst2 to the
fop1 upstream binding site (16). However, the role played by Tup11/12 in the recon-
stitution of repressive chromatin with regard to fbp1 repression has not been fully
explained.

A group of histone chaperones facilitate and regulate the assembly and disassembly
of nucleosomes for the control of transcription, replication, and DNA repair (27).
However, the mechanisms by which a repressive chromatin state is established with the
aid of these histone chaperones remain unclear. In fission yeast, there are 10 histone
chaperones: the conserved histone chaperones CIA (CCG1-interacting factor A)/Asf1
(28), two Nap1 orthologs (Nap1/2) (29, 30), the FACT protein Pob3 (31), the CAF-1
complex protein Pcf1 (32), Spt6 (33), the Rtt106-like protein Mug183, the histone H2AZ
chaperone Chz1 (34), the HIRA protein Hip1 (35), and the CENP-A nucleosome disas-
sembly factor Ccp1 (36) homolog SPBC36B7.08c. Neither the relationships among these
factors nor their division of labor has been fully elucidated.

We analyzed the mechanisms for chromatin reconstitution in the fission yeast fop1
gene during glucose repression. Here, we demonstrate that the reconstitution of
repressive chromatin takes place in two steps. First, the nucleosome-phasing pattern
around the transcription factor binding sites changes in the absence of new nucleo-
some loading. Second, nucleosome loading upstream from the fbpl promoter is
gradually induced. We found that the histone chaperone Asf1, but not Tup11/12, is
required for the reconstitution of repressive chromatin upstream from fbp1.

RESULTS

Two-step reconstitution of repressive chromatin upstream from fbp1. To study
the mechanism for the reconstitution of repressive chromatin, we analyzed transcrip-
tion and the chromatin state of the fbpT gene during glucose repression of the fop1
gene in fission yeast. To this end, cells were subjected to glucose starvation for 3 h to
induce fbp1 transcription and then shifted to glucose-rich medium for glucose repres-
sion. The abundance of fbp1 transcripts rapidly fell during glucose repression, and they
disappeared at 60 min (Fig. 1A). To analyze the chromatin structure upstream from
fop1, we carried out an indirect end-labeling analysis using partially digested chromatin
DNA with micrococcal nuclease (MNase) to map the nucleosomes and the nucleosome-
free hypersensitive sites. Under glucose starvation conditions (0 min), MNase-sensitive
bands were detected at UAS1 and at the TATA box (Fig. 1B, black and gray arrowheads,
respectively), indicating that the chromatin state at these binding sites for transcription
factors and RNA polymerase Il had an accessible configuration. At 10 min after glucose
repression, the MNase-sensitive sites at UAST disappeared (Fig. 1B and C), indicating
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FIG 1 Two-step reconstitution of repressive chromatin upstream from fbp1. (A) Northern blot analysis to
detect fbp1 transcripts. The indicated cells were cultured in YED medium containing glucose (0.1%) and
glycerol (3%) for 3 h and transferred to YER medium containing glucose (6%). Cells were harvested at the
indicated times. The cam1 transcript was used as an internal control (49). (B) Chromatin configurations
around the fbpT promoter in wild-type cells. The lanes represent chromatin from cells cultured in YER for
the indicated times. The isolated chromatin was digested with MNase (0, 20, or 50 units/ml) at 37°C for
5 min. Purified DNA was digested with Clal and analyzed by Southern blotting. The black arrowhead
indicates regions with MNase-sensitive sites at UAS1 (positions —1162 to —1169 from the first A of the
fop1 open reading frame). The gray arrowhead indicates MNase-sensitive sites at the TATA box (positions
—293 to —298). (C and D) Quantification of MNase-sensitive sites around UAS1 (C) and the TATA box (D).
The intensities of the bands digested by MNase in the UAST and TATA regions (boxed on right) were
quantified with FLA 7000, and the ratios of band intensities around the TATA box to the entire signal for
each lane were calculated. The relative increases in the ratios at the indicated times after glucose
starvation are indicated. The error bars represent the standard deviations from at least three independent
experiments.
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FIG 2 Kinetics of nucleosome loading upstream from fbp1 during chromatin reconstitution. (A) Schematic
representation of the cis-regulatory elements in the fbp1 promoter region and amplification sites (deter-
mined by ChIP-qPCR) used in this study. (B to E) Histone H3 binding at UAS1 (B), UAS2 (C), the TATA box
(D), and the fbp1 ORF (E) was determined by ChIP analysis. Cells were cultured to mid-log phase in YER
(+Glu) and transferred to YED (—Glu) and cultured for 3 h. The cells were then transferred again to YER and
cultured for the indicated times (+Glu). gPCR was performed using primer pairs to detect each segment
indicated in panel A. The ChIP signal in the prp3 ORF was used for normalization. The error bars represent

the standard deviations from three independent experiments.

that the chromatin state quickly closes following the initiation of glucose repression. In
marked contrast, the MNase-sensitive bands at the TATA box only gradually weakened
over time and disappeared 60 min after glucose repression (Fig. 1B and D). These results
suggest that the chromatin state upstream from fbpl changes into a repressive
configuration upon glucose repression in two steps. In the first step, the chromatin
state at transcription factor binding site UAS1 is altered within the first 10 min after
glucose repression. In the second step, the chromatin state around the TATA box
gradually changes to a closed configuration, and a repressive state is reached 60 min
after glucose repression.

Nucleosome loading upstream from fbp1 in the second step of reconstitution
of repressive fbp1 chromatin. To understand the kinetics of nucleosome loading
upstream from fbp1, we conducted a chromatin immunoprecipitation (ChIP) assay
using anti-histone H3 antibody. We assessed histone H3 binding at UAS1, UAS2, the
TATA box, and the fbp1 open reading frame (ORF) (Fig. 2A). During glucose repression,
histone H3 binding gradually increased, plateauing 60 min after glucose repression for
UAST, UAS2, and the TATA box, while histone H3 at the fbp7 ORF was unchanged (Fig.
2B to E). Since nucleosome binding at the fbp7 ORF is also constant during transcrip-
tional activation, nucleosomes upstream from fbp1, but not inside the ORF, may be
subject to eviction or loading (37). These results suggest that nucleosome loading
upstream from fbp1 is completed in the second step of fop1 chromatin reconstitution.
Interestingly, nucleosome loading at UAS1 is also completed 60 min after initiation of
glucose repression, indicating that the observed prompt alteration of the MNase-
sensitive band pattern at UAS1 (Fig. 1) is not associated with nucleosome loading.

Dissociation of transcription factor Atf1 in the first step of fbp7 chromatin
repression. Alteration of the nucleosome-phasing pattern can be caused by dissocia-
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FIG 3 Dissociation kinetics of transcription factors from their binding sites upstream from fbp1 during
glucose repression. Atf1 binding at UAST (A) and Rst2-flag binding at UAS2 (B) were determined by ChIP
analysis using anti-Atf1 antibody and anti-DYKDDDDK antibody, respectively. Cells were cultured to
mid-log phase in YER (+Glu) and then transferred to YED (—Glu) and cultured for 3 h. The cells were then
transferred again to YER and cultured for the indicated times (+Glu). qPCR was performed using the
primer pairs indicated in Fig. 2A. The ChIP signal in the prp3 ORF was used for normalization. The error
bars represent the standard deviations from three independent experiments.

tion of DNA-binding factors, such as transcription factors. To determine whether the
loss of MNase-sensitive sites at UAS1 10 min after glucose repression (Fig. 1) is
associated with the removal of transcription factors, we examined Atf1 binding at UAS1.
We detected the removal of Atf1 10 min after glucose repression (Fig. 3A). The Rst2
transcription activator, which binds to UAS2 upon transcriptional activation in an
Atf1-dependent manner (16), also dissociated from the site 10 min after glucose
repression (Fig. 3B). These data suggest that dissociation of transcriptional activators is
associated with the alteration of the nucleosome-phasing pattern in the first step of
chromatin reconstitution.

Tup11/12 corepressors are dispensable in nucleosome loading. Tup1 family
corepressors are believed to establish repressive chromatin through the recruitment of
HDACs. We thus assumed that the fission yeast Tup1 orthologs Tup11/12 are required
for the reconstitution of repressive chromatin upstream from fbp1. To examine this
possibility, we analyzed the transcription and chromatin states of the fbp7 gene in a
strain lacking Tup11/12. Under glucose starvation conditions, in tup11~ tup12~ (tupAA)
cells, expression of fop1 was elevated 5-fold relative to that of wild-type cells, whereas
fop1 expression was gradually reduced over time and was barely detectable 60 min
after glucose repression (Fig. 4A). The chromatin state upstream from fbp1 was altered
to a repressive configuration in tupAA cells after shifting the cells to a glucose-rich
medium with slightly slower kinetics than in wild-type cells (Fig. 4B and C). To quantify
nucleosome loading at the TATA box, we carried out a ChIP analysis to assess the
binding kinetics of histone H3. In both wild-type and tupAA cells, histone H3 binding
at the TATA box gradually increased upon glucose refeeding (Fig. 4D), suggesting that
Tup11/12 are not pivotal for the reconstitution of the repressive chromatin state
following fbp1 repression. Interestingly, the nucleosome occupancy in the tupAA cells
was lower than in the wild-type cells when the chromatin was transcriptionally active,
and thus, it took longer for histone H3 to reappear at the TATA box in the tupAA cells
than in wild-type cells (Fig. 4D). These data suggest that Tup11/12 play an important
role in the regulation of the chromatin state under transcriptionally active conditions.
This is consistent with the finding that binding of Tup12 at UAS1-UAS2 increases under
transcriptionally active conditions but quickly falls upon glucose repression, as de-
scribed previously (8) (Fig. 4E).

Tup11/12 corepressors are dispensable in histone deacetylation in fbp7 gene
repression. Given the critical role the Tup repressors play in the recruitment of HDACs
to establish repressive chromatin (19-24), we hypothesized that Tup11/12 are involved
in the regulation of histone acetylation. To test this hypothesis, we compared histone
deacetylation kinetics upstream from fbp1 in wild-type and tupAA cells. As we previ-
ously demonstrated (37, 38), histone H3 acetylation at UAS1 and UAS2 increases under

September 2018 Volume 38 Issue 18 e00194-18

Molecular and Cellular Biology

mcb.asm.org 5


http://mcb.asm.org

Umeda et al.

A Wild-type tupAA
0 10 20 30 60 120 180 0 10 20 30 60 120 180 (min)
[ ~a fop7 MRNA
W oes wE Bl B M A S8 4% W6 B8 |<cam?
B Wild-type tupAA
M _0 10 20 30 60 120 180 M O 10 20 30 60 120 180 (min)
INase
Clal
v .
: w F 2
SRR i
e we an - < - # ww we m: -
8 S8 & & § 48 48 &
UAS1 8: 2: 2 i; n - g i 58 &8 3
e ©w e 8= zT °F L i S
!3 i & 9 «ﬁ ! §! e’s! «:!.
: ® » ‘T Q « & & &
UAS2 EE 4 # |- T 2 &
i i 1 ‘TR R
TATA 'y "2 , : ‘
" e ks * - - = 4 Q
- . L - P 3 %
% v
fop1
C ., \
§Q 12 ® Wild-type %5 12 ® Wild-type
€< 21.0 O tupAA ég 1.0 O tupAA
508 "6550_8
w2 >0
23280.6 8”580'6
52304 5204
GE=70.2 ——y 5250,
z2 zg
o) o 0
L 0 10 20 30 60 120 180 (min) ‘- 0 10 20 30 60 120 180 (min)
D H3 ChIP at TATA E  tuw12cnipatuast Tup12 ChiP at UAS2
ild- 10
%1.5 W Wild-type 2 230
®© (=
£1.0 Se £20
k] o 4 k]
£05 S, 210 T
0 0
PO P DS D PO P S PP P
x + Glu 4\> X + Glu———>» x v + Glu——>»

FIG 4 Tup11/12 corepressors are dispensable in nucleosome loading. (A) Northern blot analysis to detect
fop1 transcripts in wild-type and tupAA cells. The indicated cells were cultured as for Fig. 1. (B) Chromatin
structures around the fbp1 promoter in wild-type and tupAA cells. Chromatin DNA was digested with
MNase (0, 20, or 50 units/ml) at 37°C for 5 min. Purified DNA was digested with Clal and analyzed by
Southern blotting. (C) Quantification of MNase-sensitive sites around the TATA box. The intensities of the
bands digested by MNase in the TATA region (white box in panel B) and UAS1 (black box in panel B) were
quantified with FLA 7000 (Fuji Film, Japan), and the ratios of band intensities around the TATA box to the
entire signal for each lane were calculated. (D) Histone H3 binding at the TATA box was determined by ChIP
analysis, as for Fig. 2. (E) Binding of Tup12-flag at UAS1 and UAS2 was determined by ChlIP analysis, as for
Fig. 2. The error bars represent the standard deviations from at least three independent experiments.

glucose starvation conditions in wild-type cells (see Fig. S1 in the supplemental
material). The tupAA cells exhibited a more pronounced increase in histone acetylation
under transcriptionally active conditions, indicating that Tup11/12 are involved in the
regulation of histone acetylation under active fbp1 expression conditions, presumably
through modulating HDACs (see Fig. ST in the supplemental material). This is consistent
with the repressive function of Tup11/12 when the chromatin is transcriptionally active
in fop1 (Fig. 4). Wild-type cells exhibited rapid deacetylation, and acetylation levels
returned to normal 20 min after glucose repression (see Fig. S1 in the supplemental
material). This rapid response is in marked contrast to the slow demethylation of
histone H3K4 in the 5’ region of the fbp1 ORF, where histone H3K4 trimethylation levels
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FIG 5 Histone chaperone Asf1 is required for the formation of a condensed chromatin array upstream from fbp1 during
glucose repression. (A) The indicated cells were cultured in YER at 25°C (Glucose+), transferred, and further cultured in YED
for 3 h (Glucose— 180 min). Since the restrictive temperature for asf1-33 is 37°C, we incubated wild-type and asf1-33 cells at
37°Cfor 3 h and then transferred them again to YER and cultured them for 2 h at 37°C (Glucose+ 120 min). Histone H3 binding
at UAS2 was determined by ChIP analysis, as for Fig. 2. (B) Cells were cultured at 30°C in YER (Glucose+), transferred, and
further cultured in YED for 3 h (Glucose— 180 min). The cells were then transferred again to YER (containing HU [0 or 20 mM])
and cultured for 2 h (Glucose+ 120 min). Histone H3 binding at UAS2 was determined by ChIP analysis, as for Fig. 2. The error
bars show the standard deviations from at least three independent experiments.

gradually decline and return to normal 120 min after initiation of glucose repression
(see Fig. S2 in the supplemental material). More importantly, the tupAA cells also
exhibited deacetylation (see Fig. S1 in the supplemental material), indicating that the
Tup11/12 corepressors are not pivotal in histone deacetylation in the glucose repres-
sion of the fbp1 gene.

Histone chaperone Asf1 is required for the establishment of repressive chro-
matin upstream from fbp1. To explore the mechanisms that induce nucleosome
loading to establish repressive chromatin, we screened strains with each of nine histone
chaperone genes implicated in the loading of core histones deleted. We carried out a
ChlIP analysis to measure histone density before glucose starvation (Glucose+), at 180
min after glucose starvation (Glucose— 180 min), and after glucose repression for 120
min (Glucose+ 120 min). In wild-type cells, histone density at UAS2 was reduced upon
glucose starvation and recovered after glucose repression (Fig. 5A). napTA, nap2A,
pob3A, pcf1A, mugi83A, hip1A, chz1A, and spt6A cells showed histone occupancy
levels at UAS2 indistinguishable from those of wild-type cells (see Fig. S3 in the
supplemental material), indicating that these eight histone chaperones are not required
for nucleosome reassembly in regions upstream from fbp1 following glucose repres-
sion. Since Asf1 is essential for cell proliferation, we used the temperature-sensitive
allele asf1-33 (28). The asf1-33 cells showed critical defects in histone loading following
glucose repression at the restrictive temperature, while wild-type cells exhibited normal
assembly of nucleosomes after glucose repression under the same conditions (Fig. 5A).
These results indicate that Asf1 is required for nucleosome reassembly upstream from
fop1 during glucose repression. Since Asfl is known to be involved in chromatin
reconstitution after replication (39, 40), we next questioned whether replication is
required for chromatin repression in regions upstream from fbp1. We treated cells with
hydroxyurea (HU) (20 mM) during glucose repression. While this treatment arrested cell
proliferation, presumably due to replication arrest (see Fig. S4 in the supplemental
material), it had little effect on chromatin reconstitution upstream from fbp1 during
glucose repression (Fig. 5B). These results suggest that Asf1 induces loading of nucleo-
somes upstream from fbp1 during glucose repression independently of DNA replica-
tion. We next employed indirect end labeling using MNase digestion of chromatin DNA
to examine the chromatin state in the fbp7 gene during glucose repression, as shown
in Fig. 1. As expected, the asf1-33 cells showed defective chromatin repression up-
stream from the fbp1 ORF, including at the TATA box (Fig. 6A and B). However, the
asf1-33 cells showed transcriptional repression of the fbp7 gene during glucose repres-
sion without reconstituting repressive chromatin around the TATA box (Fig. 6C). These
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FIG 6 Formation of a condensed chromatin array upstream from fbp1 is dispensable in the repression of
fop1 transcription. (A) Chromatin structures around the fbp1 promoter in wild-type and asf1-33 cells. The
indicated cells were cultured as for Fig. 5A. Chromatin DNA was digested with MNase (0, 20, or 50
units/ml) at 37°C for 5 min. Purified DNA was digested with Clal and analyzed by Southern blotting. (B)
Quantification of MNase-sensitive sites around the TATA box, as for Fig. 4B. (C) Northern blot analysis to
detect fbp1 transcripts in wild-type and asf1-33 cells. The indicated cells were cultured as for Fig. 5. (D)
Quantification of fop1 expression. The band intensities were quantified using Image J. The expression
level of fbp1 was normalized to that of cam1. The fbp1 expression levels in asf1-33 cells relative to those
in wild-type cells were calculated for each time point. The error bars show the standard deviations from
at least two independent experiments. The significance of difference between wild-type and asf1-33 cells
was calculated by Student’s t test; *, P < 0.05.
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results suggest that glucose repression of the fbp1 gene is not mediated solely by
repressive chromatin formation in the promoter region. Since the asf1-33 cells show a
significantly higher level of fbpT transcription during the course of glucose refeeding
than wild-type cells (Fig. 6D), the repressive chromatin established by Asf1-mediated
nucleosome loading might contribute to the repression of transcriptional leakage of
fop1.

DISCUSSION

In this study, we demonstrate that repressive chromatin is established upstream
from fbp1 upon glucose repression in two steps. First, accessibility to the transcription
factor binding site UAS1 is quickly reduced by an alteration of the nucleosome-phasing
pattern. Second, a condensed chromatin array is reconstituted at the TATA box by 60
min after glucose repression. The first step is associated with the rapid dissociation of
transcription factors from UAS1 and UAS2, while the second step is mediated by
nucleosome loading by the histone chaperone Asf1. The dissociation of transcription
factors may be a prerequisite for the later nucleosome loading, since ectopic recruit-
ment of transcription factors results in constitutive fop1 expression even under glucose-
rich conditions (16).

We demonstrated that the Tup1 family corepressors Tup11/12 are not pivotal for the
establishment of a condensed repressive chromatin array. This result was totally
unexpected, given the role played by Gro and TLE in the establishment of repressive
chromatin via the recruitment of HDACs (19-24). We previously demonstrated the
critical role played by Tup11/12 in stress-specific chromatin regulation upstream from
fop1 and other genes (41). The role played by Tup11/12 in the determination of the
transcription start site has been recently reported (25). These results suggest that the
fission yeast Tup1 orthologs Tup11/12 might not act as simple corepressors but serve
as transcriptional regulators via chromatin modulation. We found that Tup11/12 bind-
ing upstream from fbp1 is consistently enhanced when the chromatin is transcription-
ally active. Thus, we propose that fission yeast Tup11/12 may play a role in limiting the
level of transcriptional activation of fbp1.

Here, we demonstrate that only Asf1, among the nine histone chaperones tested, is
required for the establishment of a condensed chromatin array upstream from fbp1
during glucose repression. Moreover, we found that Asfl-mediated nucleosome as-
sembly takes place independently of replication. This result is consistent with the
replication-independent nucleosome-loading activity of Asf1 detected in vitro using a
budding yeast DEAE-CD fraction (42). A chromatin remodeler that harbors a chromodo-
main, Chd1, is also involved in this in vitro nucleosome-loading activity, which is
counteracted by the Snf2 chromatin remodeler (42). Further investigation of the
chromatin remodelers required to establish condensed nucleosome assays upstream
from fbp1 during glucose repression is needed to better understand the mechanism for
chromatin reconstitution in S. pombe cells upon exposure to glucose.

Unexpectedly, we found that fbp1 repression is accomplished even without the
formation of a condensed chromatin array in asf1-deficient cells. This result is in marked
contrast to the derepression of the budding yeast PHO5 gene in the absence of the
Spt6-mediated chromatin assembly in the promoter region (43). It is possible that
pleiotropic systems redundantly regulate transcription in the fission yeast fopT gene.
The candidates for such systems might be the regulation of Atf1 and Rst2 via post-
translational modifications (8, 41). Further investigation of the pleiotropic gene repres-
sion mechanisms, including the interplay between chromatin modulations and
transcriptional-regulatory factors, might reveal the mechanism underlying precise gene
expression control.

MATERIALS AND METHODS

Fission yeast strains, genetic methods, and media. Standard genetic procedures were carried out
as described previously (44). Strain construction was carried out by mating haploids on sporulation
medium (SPA), followed by tetrad dissection. The standard rich yeast extract medium, YEL (with 2%
glucose), was used to culture cells. Yeast extract repressing (YER) medium (containing 6% glucose) and
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yeast extract derepressing (YED) medium (containing 0.1% glucose plus 3% glycerol) were used for
glucose repression and derepression, respectively (9). Transformation was performed using the lithium-
acetate method, as previously described (45). The S. pombe strains used in this study are listed in Table
S1 in the supplemental material.

Deletion of the nap1*, nap2+, pob3*, pcf1*, mug183+*, hip1+, and chz1+ genes. The nap1*
sequence was amplified by PCR with Primstar GXL enzyme (TaKaRa Bio, Japan), using primers GGACG
CTGTTTTATTTAGGACC and GTGTGCGAGCAAATTCCAG. The Sall-Sacll fragment was eliminated from the
cloned nap1+* sequence and replaced by the ura4* marker gene to make napTl:ura4*. The Aflll-Asel
fragment carrying napl:ura4* was transformed into a wild-type fission yeast strain (SPH184). The
mug183* sequence was also amplified, using primers GGCAGAGTGCTTTTTACCAC and CGTTGATTACAT
CGGGAACAAC. The Aatll-SnaBI fragment was eliminated from the cloned mugi83+* sequence and
replaced by the KanMX6* marker gene to make mug183:KanMX6*. The Pvull-Xbal fragment carrying
mug183:KanMX6+ was transformed into a wild-type fission yeast strain (SPH184). The pob3* sequence
was also amplified, using primers CTATCAGTTTAGAACGTTTCTAG and GTAGCAATTACAGGATAACGC. The
Clal-Bglll fragment was eliminated from the cloned pob3* sequence and replaced by the KanMX6*
marker gene to make pob3:KanMX6+. The Spel-Xbal fragment carrying pob3:KanMX6+ was transformed
into a wild-type fission yeast strain (SPH184). The pcfl* sequence was also amplified, using primers
CAATACTCATCAGTCTTTAAAACC and CCAACTCATACATAAGTTTCAC. The EcoNI-Scal fragment was elim-
inated from the cloned pcfi+ sequence and replaced by the KanMX6* marker gene to make pcfT:
KanMX6+. The Ndel fragment carrying pcf1:KanMX6* was transformed into a wild-type fission yeast
strain (SPH184). To make the strains lacking hip1+, chz1*, and nap2+, flanking sequences (0.5 kbp) of
hip1+, chz1*, and nap2* were ligated with the ura4* or KanMX6* marker gene to construct hipT:ura4+,
chz1:KanMX6*, and nap2:KanMX6*, which were transformed to make the disruptants.

Indirect end-labeling analysis using MNase-digested chromatin DNA. Analysis of the chromatin
structure by indirect end labeling using MNase-digested chromatin DNA was performed as previously
reported (9, 46-48). The DNA samples were digested with Clal, followed by Southern blotting using the
probe, as described previously (9).

Northern blot analysis and ChIP. Northern blot and ChIP analyses were performed as described
previously (8). ChIP analysis was performed as described previously (25) using anti-Atf1 antibody
(Abcam), anti-DYKDDDDK antibody (Wako; 018-22383), anti-H3 antibody (abcam; ab1791), anti-
acetylated histone H3 antibody (Millipore; 06-599), and anti-trimethylated histone H3K4 antibody
(abcam; ab8580).

Quantification of ChIP DNA. DNA concentrations were quantified using a Thermal Cycler Dice
real-time system TP800 (TaKaRa) and Thunderbird SYBR quantitative-PCR (qPCR) mix (Toyobo) with the
following primer sets: fop1-UAST (GGGATGAAAACAATCAACCTC and GGAATGCAGCAACGAAAATC), fbp1-
UAS2 (GGGTGGAATGAGTCCGC and GTTCCGCGAATCATAAGCCQ), fbp1-TATA (CGCGGAACTAAACATAGCG
and GCTAGAAACCGAGTGGTG), and fbp1-ORF (CGCCGATACAATCAGAAGC and CGATGAGTTTGCAGCAT
CQ), and for the control site, prp3 (GCACAGTCGTTGTACAAATTCGTATTCCC and ACGATTCTAAACGCCTC
TTGTTACGATCQ).
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