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acterization of the Ino80 complex in this model organism may
give new insights into the functions and mechanisms of this
versatile complex.

Here, we characterize the fission yeast Ino80 complex. The
purified complex mediated ATP-dependent nucleosome re-
modeling in vitro. We found that the complex is highly con-
served through evolution and contains a novel factor, lecl (67).
lecl bears sequence similarity to YY1 and other members of
the GLI-Kriippel family of zinc finger proteins. lecl and the
Ino80 complex subunits arp8, ies6, and ies2 are important for
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FIG. 1. lecl is a component of the fission yeast Ino80 complex. (A) Fractions from mock purification or Ino80 FLAG affinity purification were
separated by SDS-acrylamide gel electrophoresis and stained with silver. Corresponding bands were excised and analyzed by mass spectrometry.
Shown on the left are approximate protein molecular masses (kDa) and on the right the running positions of identified Ino80 complex components.
(B) The fission yeast Ino80 complex remodels nucleosomes in vitro. Recombinant nucleosome arrays (0.5 pg) were incubated with Ino80 complex
(containing ~70 fmol Arp8) or mock fractions and restriction endonuclease Dral in the presence (+) or absence (—) of ATP. The DNA was then
purified, separated by agarose gel electrophoresis, and stained with ethidium bromide. Shown on the left are running positions of DNA size
markers (bp); the arrows point to DNA fragments that were cleaved more readily in the presence of Ino80. (C) Schematic representations of lecl,
YY1, PHO, and GLI3. The ovals denote zinc finger domains, and the white circles are the conserved HTGEKPF motif. aa, amino acids. (D) Amino
acid sequence of lecl. Cysteines and histidines likely to be involved in forming zinc fingers are indicated in red, and the conserved HTGEKPF motif
is shaded in yellow. (E) Immunoprecipitation using anti-MY C antibody from 5-ml whole-cell extracts of FLAG-tagged Ino80/MY C-tagged lecl-
(a), FLAG-tagged Ino80/HA-tagged lecl- (b), and nontagged Ino80/HA-tagged lecl-expressing cells (c) showed that Ino80 coimmunoprecipitated
with lecl. Lanes 1, 4, and 7 correspond to 1.5 wl crude extract; lanes 2, 5, and 8 correspond to 1 pl extract; and lanes 3, 6, and 9 correspond to




coupled to horseradish peroxidase (HRP) (Sigma) was used. The immobilized
antigens were detected using enhanced chemiluminescence (ECL) techniques
(Millipore).

Viability assays. Cells were grown in YES or EMM overnight at 30°C. The
cells were then diluted in H,
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TABLE 3. Quantitative-PCR primer pairs

Locus

Sense primer

Antisense primer

phol

pho4

aptl

aahl

adel

cdc22
control
actin

iecl

5'-CGTTCATGCCTACATCTTAATACAGG-3’
5-TTGGAACGGCAATGTGCTAGT-3'
5-TTAAGGTAGCGTTCAATGTTCTTGC-3’
5'-GACATGGTTCTCGTAATCCTACCG-3?
5-CAACTTGGACTCCTGTTATTGAAGC-3'
5-TTACGAGCGTTACCATGAGCTC-3'
5'-TCAGAGAATGCTACTGCTGGATC-3’
5'-CCTGCTCTCGAAGCTTGGAG-3'
5'-TCCAACTATAATCTTACCAACGACGA-3’
5-GAGGTGCCTATGCTAATAGCCTTG-3'
5-CTTCCTACCAAGTCCACTCTCACTC-3'
5-GCCATCTTGTTAACGAGGAGGT-3'
5-ATGGTATGTGTGAGTTGTACGCCTA-3'
5-AACCTATACGTGCACAACGTTGT-3'

5'-AGATAGCAGACTAATACTCTTCAATGCC-3’
5'-TCCAATGTAGTCGTGCCGAA-3’
5-AAGTTCGTTGATTGAATAGACTACCG-3’
5'-CATCCATCGTTCATGCTGGTA-3’
5-AGGACCATCTTGGAACGATTAGTG-3’
5'-AATGCCGACCAGTTGTCCAG-3’
5-GATGTCTACGATATCAATACTGCTGCTC-3'
5'-AGCCTATCGCCAATCGCTTA-3’
5'-GTGTGAATAATGCTTCCGATCGT-3'
5'-CCATTAGAGGTAGAATTAACACGAACC-3’
5-TTGTGTCGTTCGTGTGTGTGGTAA-3’
5'-AACCAGCTATCCGGAATTACCA-3'

5'-GAACGGAGAGAAGGAGCGAT-3’
5-TAATGATGAACAACGGATATGACTGAA-3’
5'-TTCGCTGCATAGACGGTAACG-3’
5-GAGGTTGGATAGGAACGGTGA-3'
5-TTGGTCGTCGTAAGCTACAATAAGG-3’
5'-GTTGACGACATTCTTGCTACTGGT-3’
5'-CGTAAGCGTCTTATGGCTCCTACT-3'
5'-ATATGACCGCAAGTCTATACACATGC-3'
5'-CATCCGTGATGAGAATTAACAATCC-3'
5-GGGAATCTTGTTTGAAGATATAATGCC?

5'-AGATTCACCAGACATGATTACTGAGTG-3’
5'-GAAGTTGTCAAGAGTGTTGCTGCT-3’
5'-AATGCGAGCATCATGTGCAT-3’
5-TGCTGTGTCTGTGTTGATTGAGG-3’
5-TCTGCGTCACTTGCCTTCTG-3’
5'-GCAGGTGAAGAAGGTGATCCA-3'
5'-GAGTTAATGAAGCGAGTTGCAGAAG-3’
5'-GGCGGTTACACCTTGGAGAA-3’
5-AATGAGCAGGCCATGTTAACATC-3'

5-TTGTGCTCGCATCTGGAATG-3’
5'-CGGTCGTGAACATACCATCG-3'

5-GTTCAATCTCATAGAGCAGGTTGGTAG-3’
5-CCTTCCGTCCTCTATGCCATC-3'
5'-CCCCAAATCCAACCGTGAGA-3"?

5-TGCTCAGTGCCAGAGTGTGATAG-3"?

5-ACTACCGCGTAGCGATGAGAA-3’
5'-GCAGAGTGCGAACATGAGACC-3'
5-ATTCAGCGAACTGAGCGTTG-3'
5'-CAATAGGAACTGATCCATTAAGCAAT-3'#
5-AGAGCTCATGGTAACGCTCGTAA-3’
5-GAATCTACAACGCGCTGCTG-3'
5-TTCTCCAAGCTTCGAGAGCA-3’
5-CGTCGTTGGTAAGATTATAGTTGGAA-3'
5-CTTACAGAATTCGCTATAGTCTTGAA-3’
5'-CAACAGGAATAATATTGGCATCATG-3’
5-GCGGACATAGTACTTAGAATCTTCAC-3’
5'-AGGCGTACAACTCACACATACCA-3’
5-AGCAGCCACAGCACTAGCATT-3’
5-GGTATCGCGTAATTAGTCATCTCTTC-3’

5-TTGTACGAGCTGCTACATAATATTGC-3'
5'-AAGCGCAAGAAGCAGCAGAT-3'
5-TGTATGAATCAACCAACGACCAG-3’
5'-CATGATATACACTAATCGTTCCAAGATG-3’
5'-GATCCATGACGCTGAAGCAA-3’
5'-GAGCAGCAGTATTGATATCGTAGACATC-3'
5'-CGGAAGAACGATGAAGTTGGTT-3'
5-TCGCTGTTATCTCTGAGAGCGA-3'
5-AAGAGCAGCCTCGACTGGAAT-3’
5-TTACTGATTGCGGTTATGGTCCT-3'
5-TCTCAAGATATAACGCGTACATTAACG-3'
5-ACACATGCGGTAATCAGATGAGTT-3’

5-AATCTTACGCCTCTACATTACTCGTT-3'
5'-AACTGTCAGCCACAACTCCATGT-3’
5-AGGTAATTGATTCTATCGTCGGACA-3’
5-TTAAGCAATTGCAAGGCGTAA-3’
5'-CCACCAGTAGCAAGAATGTCGTC-3'
5'-GGAAGAGATGTCCAACTAATTCACC-3’
5-ATTCACTACCATCAGGTGCTTCATC-3'
5-TCGTACTTCCAAGGAACTCCAGTT-3’
5'-GCTCCACTTGGCAACTGCTC-3'
5'-CCAACAATCACATCAATGTTATTGA-3"?

5-TTCATCACGACATGGCCAAT-3'
5'-ATCGCTCCATCCGTTACACC-3’
5'-CGCAGCATCATCACTAGGAAGA-3’
5-TGAACTCCTTGTGAATGAGCGAT-3’
5'-CCTGCAACAATTCCATTCTCAA-3’
5-TCTGCAACTCGCTTCATTAACTCT-3’
5'-GGCAATAGAATTGACACAACGAAGT-3'
5'-GCCGTTGATAGCAGCATTAGC-3’
5'-CCTGAAGACCTAGCCAGCCAT-3’

5'-GTAATGTACAATATCGCTGCATCGTT-3’
5'-AGATTCCGCTCCATTGCTTG-3'

5'-TACGCGTCTCAATTGCAACG-3’
5'-TCAATAATCATCTTACAAGACCGGAA-3’
5'-GGCATACAAAGACAAAACAGCTTG-32

5'-GGTCCGAAGGCCGTAGTGTA-3"®

2 Used for RNA quantification.

short stretch of 7 amino acids, HTGEKP(F), a motif present in all
YY1 proteins across species and GLI-Kriuippel family members,

was found in SPAC144.02 (Fig. 1D) (in GLI3, we found HTGE
KPH).

The presence of lecl in the Ino80 complex was confirmed by
coimmunoprecipitation experiments with whole-cell extracts
from endogenously MYC-tagged or HA-tagged lecl- and
FLAG-tagged Ino80-expressing strains, followed by Western



blot analysis (Fig. 1E and F). HA-tagged lecl was used to
coimmunoprecipitate associated proteins from whole-cell ex-
tracts, followed by mass spectrometric analysis. lec1 copurified
with Ino80, the AAA™ ATPase Rvb2, and actin in what ap-
peared to be an lec1-Ino80 core complex (Table 4). This com-
plex appears similar to the YY1/PHO-Ino80 complexes in
mammalian cells and Drosophila, which contain YY1/PHO,
In080, Rvb1/2, actin (only in Drosophila), and Arp5/Arp8 (Ta-
ble 4) (10, 41, 82). We concluded that the fission yeast Ino80
interacts with lecl, a novel C,H, zinc finger protein related to
GLI-Kruppel family members, such as YY1, and that the pro-
tein forms a core complex with Ino80 resembling the YY1-
Ino80 core complexes of higher eukaryotes.

lecl and subunits of the Ino80 complex are involved in
replication and the DNA damage response. The disruption of
the budding yeast Ino80 complex impairs DNA repair, rep-
lication, and transcription (reviewed in references 4 and 77).
We wanted to establish if the fission yeast complex also plays
a role in these processes. In a plasmid loss assay, a strain
with the endogenous ino80 deleted and with a plasmid ex-
pressing 1no80 in trans retained the plasmid for survival.
This indicates that Ino80 is essential for cell viability (Fig.
2A). A spore viability assay supported this finding, because
ino80 mutant spores did not germinate after ascus dissection
of ino80~'* diploid cells (data not shown). The arp8, nhp10,
ies2, and ies6 subunits of the Ino80 complex were deleted
without loss of viability. The responses of Aarp8, Aies2,
Aies6, and Anhpl0 mutant cells to DNA replication stress
and DNA damage were tested by plating serial dilutions of
each strain onto plates containing the drug HU or bleocin or
exposing the plates to UV irradiation and assaying viability

and growth. HU sensitivity indicates an impaired response
to replication stress, as the drug depletes deoxyribonucleo-
tide pools, resulting in stalled replication forks (8, 57). Bleo-
cin causes single- and double-strand DNA breaks (53, 65).
UV irradiation leads to the formation of pyrimidine dimers
and other DNA damage (70). Aarp8 and Aies2 cells, but not
Anhp10 cells, were sensitive to HU, bleocin, and UV irra-
diation compared to wild-type cells (Fig. 2B). As the Aies6
mutant could not grow on minimal medium, it was plated on
rich medium (YES), where it was also sensitive to HU,
bleocin, and UV irradiation (Fig. 2C). Thus, the fission yeast
Ino80 complex is required for the DNA damage and DNA
replication stress responses. We then tested whether Aiecl
shows similar phenotypes in the presence of HU and bleocin
or after UV irradiation. Under all conditions, the deletion
of iecl severely decreased cell viability (Fig. 2D). Expression
of lecl in trans in the Aiecl background improved survival
(Fig. 2D). Therefore, there is a functional interaction be-



Aiecl cells showed altered phenotypes when grown under
low-phosphate or low-adenine conditions (Fig. 3B). When in-
tracellular adenine levels are low, the de novo adenine synthe-
sis pathway is activated. Due to a mutation in ade6 in the
experimental strain, the pink pigment 5'-phosphoribosyl-5-
aminoimidazole (AIR), a purine precursor, accumulated
(Fig. 3C). Unlike wild-type cells, Aiecl cells grown in low-
phosphate rich medium (YES) accumulated this pink pig-
ment (Fig. 3B). This indicates a switch from salvage to de
novo AMP biosynthesis (58). Since the pink pigment is seen
upon phosphate starvation when the adenine supply is not
limited, this suggests that the de novo biosynthesis pathway
is being erroneously activated in Aiecl cells. It also indicates
cross talk between phosphate and purine metabolic path-
ways in the cell. In line with this, Aiecl cells grow well in
low-adenine rich medium (YES), but unlike wild-type cells,
they do not turn pink (Fig. 3B). Therefore, the switch from
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FIG. 3. Fission yeast strains lacking iecl and Ino80 complex subunits are sensitive to various stress conditions, including phosphate and adenine
limitation. (A) Tenfold serial dilutions of control (WT; FY367) and Aiecl (CHO015) were plated on rich medium (YES) and incubated at 37°C or
supplemented with 10 .g/ml benomyl, 1% formamide, 0.004% MMS, or 0.5 mM CdSO,; incubated at 30°C; and visualized after 3 to 4 days. (B) Dilutions
of control (WT; SA001), Aiecl (CH003), Anhp10 (CHO010), Aarp8 (CHO011), Aies6 (CHO013), and Aies2 (CHO012) cells and iecl ies2 double-deleted
(AieclAies2; CHO014) cells were plated onto YES, phosphate-depleted YES, and low-adenine YES; incubated at 30°C; and visualized after 3 to 4 days.
(C) Schematic of the de novo and salvage pathways of adenine biosynthesis (72). The fission yeast enzymes are in lowercase italics, and the human and

budding yeast genes are in uppercase. adel

then stained with DAPI and visualized using fluorescence
microscopy to detect asci (Fig. 3D). In wild-type cells, asci
were detected under all conditions. However, upon iecl
deletion, the sporulation frequency dropped severely in low-

phosphate or low-adenine EMM. This could be rescued by
expressing lecl in trans, indicating that the presence of lecl
is required for efficient sporulation when cells are deprived
of either phosphate or adenine.



lecl is required for the expression of genes involved in
adenine and phosphate metabolism. We wanted to establish if
the sensitivity to low levels of phosphate and adenine seen in
the iecl mutants was due to a direct effect on phosphate-
responsive genes and those involved in adenine metabolism.
Deletion of 1n0o80 in budding yeast causes repression of phos-
phate-responsive genes, such as the PHO5, PHO12, and
PHOB89 genes, as well as the adenine metabolism genes AAH1
and ADK1 (64, 71, 76). We tested the effect of lecl deletion
upon the expression of phol and pho4, the only two acid
phosphatase genes in fission yeast. These genes correspond to
the budding yeast PHO5 and PHO3 genes, respectively (49,
60). Pho4 is a constitutive acid phosphatase repressed specif-
ically by thiamine (49, 60). Phol is weakly repressed by phos-
phate, adenine, and thiamine (49, 60, 61). We also tested the
expression of aptl, encoding adenine phosphoribosyltrans-
ferase 1, an enzyme in the salvage pathway that catalyzes the
conversion of adenine to AMP (Fig. 3C). Northern blot anal-
ysis showed that the mRNA levels of all three genes were not
affected in Aiecl cells when the cells were grown at normal
phosphate levels (Fig. 4A and data not shown) but were sig-
nificantly downregulated in low phosphate in Aiecl cells com-
pared to control cells (Fig. 4A and B). This indicates that, upon
phosphate starvation, lecl is necessary for the correct expres-
sion of genes involved in phosphate response and adenine
metabolism. We tested the expression of lecl and found that is
was markedly upregulated upon phosphate starvation, consis-
tent with a role in regulating the response to this nutritional
stress (Fig. 4C).

Ribonucleotide reductase (RNR) is a key enzyme in deoxy-
ribonucleotide metabolism that converts ribonucleotides into
deoxyribonucleotides (55). Transcriptional upregulation of the
RNR genes is known to occur upon DNA damage (12, 20). In
fission yeast, active RNR is a heterotetramer of two large
(Cdc22) and two small (Suc22) subunits (21). cdc22 mRNA
levels decreased in the iecl mutant in EMM and, to a lesser
degree, in EMM/low P; (Fig. 4D). We tested cdc22 expression
in cells treated with HU, a condition that in budding yeast
leads to upregulation of RNR expression, which is not affected
by deletion of INO80 (52, 84). Deletion of iecl did not affect
the upregulation of cdc22 in cells treated with HU (data not
shown). We measured deoxyribonucleoside triphosphate pools
in wild-type and iec1 mutant cells in EMM and EMM/low P;
and found that, while dCTP and dGTP levels did not change
markedly, the dTTP pool increased at the expense of the dATP
pool in iecl mutant cells compared to wild-type cells (Fig. 4E).
These results are consistent with partial inhibition of RNR, as
this decrease in dATP and increase in dTTP has been reported
in mouse 3T6 cells treated with the ribonucleotide reductase
inhibitor HU (8). These observations suggest that the lecl-
Ino80 complex is required for optimal expression of cdc22
under normal and phosphate-depleted growth conditions but
that in the presence of HU other activities may override the
requirement for lec1-1no80.

Ino80 is targeted to promoters of phosphate-responsive
genes upon phosphate starvation. To test the direct involvement
of Ino80 in the regulation of the phosphate-responsive and nu-
cleotide metabolism genes, we performed chromatin immunopre-
cipitation, followed by hybridization analysis to high-density tiling
arrays with 20-bp resolution. Immunoprecipitated 1no80-bound

chromatin fragments were isolated from cells grown in EMM or
EMM/low P;. The genome-wide analysis revealed significant dif-
ferences in 1no80 binding between low and normal phosphate
levels. There was a substantial increase in the number of pro-
moter regions (5" intergenic regions) that showed 1no80 enrich-
ment during phosphate starvation (Fig. 5A), suggesting a role for
Ino80 in low-phosphate stress response. Gene ontology analysis
of Ino80 promoter targets revealed that a significant number of
the genes targeted in low phosphate are involved in the stress
response (Fig. 5B). The ChlP-on-chip analysis showed that there
was an accumulation of Ino80 at the promoters of aptl, adel,
aahl, phol, and pho4 upon phosphate starvation (Fig. 5C). aahl
encodes adenine deaminase, which deaminates adenine to hypo-
xanthine, and adel is a gene involved in the de novo synthesis
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FIG. 4. leclis required for correct phol, pho4, aptl, and cdc22 expression. (A) (Top) Northern analysis of phol transcript levels in control (WT;
SA001) and Aiecl (CHO003) cells. The cells were grown in minimal and low-phosphate minimal media, and phol transcript levels were assayed.
(Bottom) Quantification of phol transcript levels by PCR following reverse transcription. The values were normalized to actin and expressed as
fold change in expression relative to the control (WT). The error bars represent the standard errors of two independent experiments. (B) Northern
analysis of pho4 and aptl transcript levels in control (SA001) and Aiecl (CHO003) cells. The cells were grown in low-phosphate minimal or
low-phosphate rich medium, and pho4 and aptl transcript levels were quantified. Below is a graphic representation of the values normalized to 25S
rRNA from the blots above and expressed as fold change relative to the control (WT). The error bars represent the standard errors of two
independent experiments. No change in the expression level of these genes was observed when cells were grown in minimal medium containing
normal levels of phosphate. (C) The expression of iecl in WT cells grown in minimal medium (EMM) and low-phosphate minimal medium (low
Pi) was quantified by PCR following reverse transcription of RNA. The results were normalized to actin and expressed as fold change relative to
WT expression in EMM. The error bars represent the standard deviations of two independent experiments. (D) Northern analysis of cdc22
expression levels in control (SA001) and Aiecl (CHO003) cells. The cells were grown in minimal or low-phosphate minimal medium, and cdc22
transcript levels were quantified. Below is a graphic representation of the values normalized to actin and expressed as fold change relative to the
control (WT). The error bars represent the standard errors of two independent experiments. (E) dNTP levels were assayed in control (SA001) and
Aiecl (CHO003) cells grown in EMM as described in Materials and Methods and expressed as a percentage of the total nucleotide pool. The error
bars represent the standard errors of three independent experiments.
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involved in phosphate and adenine metabolism upon phosphate
starvation, leading to transcription, and that lecl is required for
efficient binding of the Ino80 complex at its target genes.

lecl mediates nucleosome depletion over target genes. We
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FIG. 6. lecl mediates binding of Ino80 to target genes. Ino80 occupancy of 1no80p in control (WT; SA001) and Aiecl (CHO003) strains was
determined by ChlIP at the phol locus (A) and at the pho4, aptl, aahl and adel loci (B) in low-phosphate media. Schematic representations of
the loci show the localization of the primer pairs used for quantitative PCR indicated by horizontal arrows. The control locus (ctrl) is 800 bp
upstream of the ade10 open reading frame. (C) Ino80 occupancy of Ino80p in control (SA001) and Aiecl (CHO003) strains was determined at a site
800 bp upstream of the cdc22 ORF in minimal and low-phosphate media. The error bars represent the standard errors of two independent

experiments. Gray bars, control strain; hatched bars, Aiecl strain.

Ino80 complex component of higher eukaryotes (10, 41, 82). In
budding yeast, there is no clear lecl or YY1 homologue. We
identified an lec1-Ino80 core complex that is similar to the
Drosophila and mammalian YY1/PHO-Ino80 core complexes
(Table 4) (10, 41, 82). We tested whether human YY1 can
complement lecl in its roles in replication stress (HU), tem-
perature stress, and growth without adenine and in low phos-
phate and found that human YY1 cannot substitute for lecl
under these conditions, with the exception that it ameliorated
the “pink-pigment” phenotype when grown in low phosphate
(data not shown). YY1 binds to specific sequence motifs but

has recently been shown to also bind structured DNA (four-
way junction DNA) in a sequence-independent manner (82).
We found no evidence that lecl binds specific sequence ele-
ments, since it was broadly distributed over target genes (Fig.
7). Its binding seemed to reflect nucleosome density and was
consistent with its impact on nucleosome occupancy. It is
tempting to speculate that lecl may also recognize a specific
DNA structure, e.g., the DNA crossovers at the entry-exit sites
of the DNA around nucleosomes.

YY1, Ino80, and the YY1l-associated Ino80 complex have
previously been shown to play roles in the DNA damage re-
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FIG. 7. lecl is recruited to genes involved in nucleotide metabolism. ChIP of a MYC-tagged leclp strain (CHO016) grown in low-phosphate
EMM was performed at the phol, pho4, aptl, and aahl loci. The results were normalized to no-antibody control and expressed as a percentage
of the input. Anti-MYC ChlP of a nontagged strain was plotted to show background enrichment (ctrl). The error bars represent the standard errors
of two independent experiments. Black bars, 13MYC lecl strain; white bars, control strain. Below each diagram is a schematic representation of

sponse, and our results suggest that this is also the case for the
fission yeast lecl-Ino80 complex (Fig. 2B to D) (1, 65, 82).
More recently, the Ino80 complex in budding yeast has been
shown to be recruited directly to replication forks (57, 69, 80).
It is not known if the mammalian YY1-1no80 complex has a
role in DNA replication. However, our results suggest a role
for the lec1-1no80 complex in replication, given the sensitivity
of lecl and Ino80 mutants to the drug HU (Fig. 2B to D).
While lecl is required for Ino80 binding, the distributions of
Ino80 and lecl do not completely mirror each other at target
loci. We cannot exclude the possibility that this is the result of
epitope exclusion of lecl in, for example, the promoter regions
of genes. Another explanation could be that not all chromatin-
bound lecl is in complex with Ino80, but binding of lecl to
chromatin may be required to load Ino80 onto chromatin. It is
possible that lecl recognizes a specific histone modification
that is upregulated upon phosphate starvation or some other
change in chromatin structure. In this respect, it is interesting
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that iecl mRNA is upregulated severalfold upon phosphate
starvation (Fig. 4C), indicating that it is part of a concerted
stress response involving Ino80.

One question that arises from these results is why lecl is
present in the fission yeast but not in the budding yeast Ino80
complex. A major difference between budding yeast and fission
yeast is the organization of their chromatin structures. Budding
yeast exhibits very little higher-order chromatin, whereas fis-
sion yeast has extensive heterochromatic domains regulated by
the RNA interference machinery, homologues of heterochro-
matin protein 1, and histone H3 lysine 9 methylation, all of
which are absent in budding yeast. Therefore, we might spec-
ulate that fission yeast, like higher eukaryotes, requires the
presence of a module for Ino80 to guide it through this more
complex higher-order chromatin structure.

Interestingly, whereas the single deletions of the Ino80 com-
plex subunit gene iecl or ies2 resulted in loss of viability in
low-phosphate medium, the mutant with a double deletion of



iecl and ies2 was almost as viable as the control cells under this
condition. Null alleles in two subunits of the same complex
usually show a nonadditive phenotype. One possible explana-
tion is that the suppression phenotype observed in the double
mutants is the result of partial complexes that are formed in
single mutants and are inhibitory to cell function. An alterna-
tive explanation is that lecl is in a distinct complex (or func-
tions in isolation) whose function is antagonized by an les2-
containing complex. This explanation may be more attractive,

given that the alleles are nulls, not partial loss-of-function
alleles. Therefore, different Ino80 complex components may
program opposing functions of 1no80.

lec1-1n080 regulates histone density over target genes. Ear-
lier work showed that Ino80 mediates nucleosome eviction at
DNA double-strand breaks and that this eviction is important
for subsequent DNA repair (52, 56, 74-76). Ino80 has been
shown to cooperate with SWI/SNF in nucleosome remodeling



However, little is known about how Ino80 remodels chromatin
for gene expression. Our results suggest that fission yeast lecl
and Ino80 cooperate in gene regulation by mediating gene-
specific chromatin remodeling. We showed for the first time
that Ino80 is involved in the loss of nucleosome density within
the promoter regions and bodies of genes (Fig. 8). It is tempt-
ing to speculate that Ino80-mediated nucleosome loss over
genes underlies the role of Ino80 in transcription, e.g., by
facilitating preinitiation complex assembly, RNA polymerase
promoter escape, or transcription elongation.

A role for lecl in the cross talk between phosphate and
nucleotide metabolism. We found that the Aiecl mutants and
mutants of other components of the Ino80 complex are sensi-
tive to low levels of phosphate, and under phosphate starva-
tion, the Aiecl mutants appear to activate the de novo synthesis
pathway of adenine metabolism (Fig. 3B). This was confirmed
by the finding that Aiecl and Ino80 complex mutants displayed
an altered phenotype when grown on low-adenine medium
(Fig. 3B). The mutants also displayed defects in sporulation
when grown under either phosphate- or adenine-limiting con-
ditions (Fig. 3D). Taken together, these findings suggest that
there is cross talk between phosphate and adenine metabolic
pathways. The requirement for this cross talk within the cell
can be explained by the fact that nucleotides are abundant
biomolecules and their synthesis is associated with significant
phosphate consumption. It therefore seems imperative for
cells to evolve regulatory mechanisms to coordinate phosphate
utilization and nucleotide synthesis. For example, in budding
yeast, the Pho2p transcription factor is required for purine de
novo biosynthesis and phosphate utilization pathways (14, 58).
Adol, which encodes an adenosine kinase, negatively regulates
PHOS5 expression, and the deletion of adenylate kinase
(Adk1p) strongly induces the expression of the PHO and ADE
genes involved in phosphate utilization and AMP de novo
biosynthesis, respectively (27, 33). Our results suggest that a
functional lec1-1no80 complex is required to ensure this coor-
dinated cross talk within the cell.

We showed that lecl regulates the transcription of genes
involved in phosphate and adenine metabolism and the recruit-
ment of the 1no80 complex to these genes upon phosphate
starvation (Fig. 4C, 5C, and 6C). This indicates that the lecl-
Ino80 complex is involved in transcriptional regulation. 1no80
has also been shown by several laboratories to have a direct
role in repair in budding yeast (52, 56, 74-76). Therefore, we
do not believe that the impaired DNA damage response in
cells with an impaired Ino80 complex is simply due to altered
gene expression in S. pombe. Since phosphate and nucleotides
are essential constituents of many essential biomolecules, their
misregulation may influence cellular processes, such as repli-
cation and repair. We propose that by regulating phosphate
and nucleotide metabolism, the 1no80 complex integrates its
role in transcription with its roles in replication and repair.
This ensures an integrated response when exposed to cellular
stress.
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