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The conserved protein kinase Chkl mediates cell cycle progression and consequently the ability of cells to
survive when exposed to DNA damaging agents. Cells deficient in Chkl are hypersensitive to such agents and
enter mitosis in the presence of damaged DNA, whereas checkpoint-proficient cells delay mitotic entry to
permit time for DNA repair. In a search for proteins that can improve the survival of Chkl-deficient cells
exposed to DNA damage, we identified fission yeast Mscl, which is homologous to a mammalian protein that
binds to the tumor suppressor Rb (RBP2). Mscl and RBP2 each possess three PHD fingers, domains com-
monly found in proteins that influence the structure of chromatin. Mscl is chromatin associated and copre-
cipitates a histone deacetylase activity, a property that requires the PHD fingers. Cells lacking Mscl have a
dramatically altered histone acetylation pattern, exhibit a 20-fold increase in global acetylation of histone H3
tails, and are readily killed by trichostatin A, an inhibitor of histone deacetylases. We postulate that Msc1 plays
an important role in regulating chromatin structure and that this function modulates the cellular response to

DNA damage.

The activation of checkpoint pathways in response to various
signals is important for maintaining genome integrity during
cell cycle progression. Eukaryotic cells (including those of the
fission yeast Schizosaccharomyces pombe) respond to DNA
damage by undergoing a transient arrest of the cell cycle.
Arrest is dependent on the DNA damage checkpoint pathway,
a signal transduction pathway that couples damage detection
to cell cycle control (56). In the absence of such a delay,
checkpoint-defective cells enter mitosis with damaged DNA
and die (2, 75). Inhibiting the checkpoint pathway can cause
uncontrolled cell proliferation, which in multicellular eukary-
otes can contribute to the onset of cancer (74). Indeed, muta-
tion of the human checkpoint pathway gene ATM leads to the
genetic disorder ataxia telangiectasia, which is characterized by
a high incidence of neurodegeneration and cancer (66).

Transitions in the cell cycle are regulated by a family of
protein complexes called cyclin-dependent kinases, consisting
of a cyclin regulatory subunit and a kinase catalytic subunit or
cdk (54). Fission yeast Cdc2, the primary cdk in S. pombe, is
phosphorylated on several residues in a cell cycle-dependent
manner (23). Entry into mitosis in inhibited by phosphoryla-
tion of a tyrosine residue at position 15 of Cdc2 and is carried
out by kinases in the Weel family (45). Dephosphorylation of
that same site by the phosphatase Cdc25 activates Cdc2 and
promotes entry into mitosis (51). Chkl1 inhibits mitotic entry by
phosphorylating Weel and Cdc25 (59, 60). In response to
DNA damage, Chkl itself is phosphorylated at serine 345 in
fission yeast and at the analogous site in Xenopus, mouse, and
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human cells (10, 29, 41, 42). The phosphorylation of Chkl is
dependent on the protein kinase Rad3 (76) as well as on other
established components of the checkpoint pathway, all of
which are conserved in mammalian cells (50).

DNA in eukaryotic cells is packaged into chromatin. The
main packaging component of chromatin is the nucleosome,
which is composed of an octamer of histone proteins (67).
Histones are subject to a complex and dynamic set of covalent
modifications that are thought to be involved in the modulation
of transcription during development, genome stability, and mei-
otic chromosome dynamics (68). Histone modifications report-
ed to date include acetylation, phosphorylation, methylation,
ADP ribosylation, and ubiquitination (5, 25, 32). Multiple resi-
dues on each of the four core histones have been identified as
potential modification sites. According to the histone code hy-
pothesis, these modifications may be interdependent and pro-
vide entry sites for proteins responsible for higher-order chro-
matin organization and gene activation or inactivation (33).

Acetylation of histones is mediated by two activities, those of
histone acetyltransferases (HAT) and histone deacetylases
(HDAC). The acetylation of histone within a particular nu-
cleosome can modify chromatin structure locally, leading to
the repression or expression of neighboring genes (33). A con-
served domain of many transcription activators binds to spe-
cifically acetylated lysine residues of histone tails (18, 31).
Inactivation of the Rpd3 HDAC complex in yeast leads to
hyperacetylation of many genes (39) and disrupts cell cycle-
regulated histone acetylation at the HO locus, leading to the
suggestion that Rpd3 might act globally to remove acetyl
groups from newly replicated chromatin (72).

In mammalian cells the retinoblastoma (Rb) tumor suppres-
sor protein can recruit HDAC to chromatin (8, 46, 47), which
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represses the transcription of many genes involved in cell cycle
regulation that contain sites for the E2F transcription factor in
their promoters (19). In tumor cell lines lacking Rb, the failure
to recruit HDAC to some E2F-controlled genes results in
inappropriate expression (8, 46). In addition to having a role in
the control of gene expression, HDAC have also been impli-
cated in DNA replication via association with DNA polymer-
ase € (73) and PCNA (52).

The mammalian CBP/p300 and GenS HAT have been re-
ported to associate with DDBI, a protein involved in recogniz-
ing damaged DNA (16, 49). The CBP/p300 acetylase is also found
in complex with thymine DNA glycosylase, an enzyme required
for base mismatch repair (71). Some recent reports indicate that
checkpoints and chromatin may also be intimately connected,
as several checkpoint proteins have been found to associate
with various chromatin activities. HDAC have been found in
complexes or associated directly with ATM (36), ATR (62),
the human Hus1 and Rad9 proteins (9), and the breast cancer
susceptibility gene product BRCA1 that has been implicated in
checkpoint and DNA repair functions in mammalian cells (79).

In this study we isolated mscl as a multicopy suppressor of
a defect in the DNA damage checkpoint pathway in fission
yeast. Mscl shows high-level similarity to a mammalian pro-
tein, Rb binding protein 2 (RBP2). RBP2 was identified in a
two-hybrid screening for proteins that bind to the tumor sup-
pressor Rb (17, 21). Related sequences were identified subse-
quently due to homology to RBP2 and were termed RBP2H1
and RBP2H1A. Close analysis of these two cDNA sequences
deposited in GenBank suggests that they represent the same
gene. The same sequence was also cloned as a gene that is
up-regulated in breast cancer cells and named PLU-1 (43).
Mscl, RBP2, and PLU-1 each contain jumonji N and jumonji
C domains (12) as well as three PHD finger motifs (each being
a 50- to 60-amino-acid Zn finger characterized by seven cys-
teines and a histidine residue that are arranged as
Cys,HisCys;) separated by intervening sequences of various
lengths and amino acid compositions (1). The PHD motif was
originally found in plant homeodomain transcription factors:
thus the name PHD (for “plant homeodomain”). Subsequent-
ly, the motif has been found in a number of proteins thought to
influence chromatin structure either directly (34, 65) or via
association with HDAC (64). The results obtained in our stud-
ies suggest that Mscl (encoded by a nonessential gene) asso-
ciates with chromatin and plays a role in chromatin modifica-
tion through association with an HDAC.

MATERIALS AND METHODS

Strains and growth conditions. Standard genetic methods and growth condi-
tions were utilized (53). Cells were grown at 30°C unless otherwise indicated.
Survival following UV treatment was determined as described previously (75).
For drug sensitivity experiments, cells were grown to mid-log phase and 10-fold
serial dilutions were made from 107 cells/ml. Aliquots of 5 wl for each dilution
were spotted on agar plates. For trichostatin A (TSA; Sigma) sensitivity assays,
serially diluted cells were spotted either on YEA (0.5% yeast extract, 3% glu-
cose, 20 pg of adenine per ml) plates (—TSA) or on YEA plates containing 25
g of TSA/ml (+TSA). Plates were incubated at 30°C and examined after 3 days.
To facilitate detection of Mscl, the method of PCR-based tagging described by
Babhler et al. (3) was used to integrate a triple hemagglutinin (HA) tag at the C
terminus of the mscl gene in the chromosome. The mscl:HA-tagged strain was
tested for TSA sensitivity. While an mscl deletion strain is sensitive to TSA and
is unable to form colonies on TSA-containing plates, the mscl:HA strain behaves
exactly like the wild type (data not shown).
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To assess checkpoint proficiency, cells synchronized in G, were exposed to 100
J of UV light/m? and the percentage of cells passing through mitosis was deter-
mined microscopically using 4',6'diamidino-2-phenylindole (DAPI)-stained cells
as described previously (77). For assessing phosphorylation of Chk1 in the DNA
ligase-deficient cdc17-K42 mutant background, chkl::HA cdcl7-K42 strains con-
taining either empty vector plasmid or mscl plasmid were grown to mid-log
phase at 25°C in minimal medium and then shifted to 32°C for 6 h to reduce
DNA ligase activity. Lysates were prepared, and Western blotting was performed
using 12CAS5 antibody as described previously (76).

Immunofluorescence studies. Immunofluorescence studies were performed
using exponentially growing cells essentially as described by Hagan and Hyams
(30). HA-Mscl was detected using HA (F-7) antibody (Sc-7392) (Santa Cruz
Biotechnology) at a 1:30 dilution, incubated overnight at room temperature with
rotation, washed, and then detected with secondary antibody coupled to CY3 at
a dilution of 1:100 and incubated at room temperature for 4 h. Cells were washed
and suspended in 10 wl of Vecta Shield (Vector Laboratory). The cell suspension
(1 pl) was analyzed using a fluorescence microscope (Zeiss Axioplan 2). Images
were captured with a Zeiss AxioCam and analyzed with Openlab software. For
DAPI staining, 1 pl of cells was mixed with 0.1 pl of 100 g of DAPI solution/ml.

Chromatin fractionation assay. The chromatin fractionation assay was per-
formed using log-phase cells (107 cells/ml) as described by others (28). Mscl was
detected with anti-HA antibody (12CAS5). Antibody to histone H3 (catalog no.
05-499; Upstate Biotech) was used as a marker for soluble chromatin protein,
while antibody to Ded1 was used as a cytosolic marker (40).

Histone purification. Histones were purified as described by Edmondson and
Roth (20) from a 500-ml yeast culture grown to late log phase (1.5 X 107 cells/
ml). Acetylation of histones was determined by running 25 wg of histones on a
15% polyacrylamide gel. The proteins were transferred to a nitrocellulose mem-
brane and then immunoblotted with anti-diacetylated (K9 and K14) histone H3
(catalog no. 06-599; Upstate Biotech), anti-tetra-acetylated (K5, K8, K12, and
K16) histone H4 (catalog no. 06-598; Upstate Biotech), or anti-histone H3 (cat-
alog no. 05-499; Upstate Biotech).

Chromatin immunoprecipitation of Mscl. To assess association of HDAC
activity with Mscl, a chromatin immunoprecipitation protocol (38) was utilized
to isolate chromatin-associated Mscl. Briefly, HA-tagged Mscl cells were cross-
linked with 1% formaldehyde at room temperature for 15 min, washed, and then
lysed with glass beads. The lysate was transferred to several separate tubes and
sonicated six times at 30 to 40% output (90% duty cycle; 5 s). The lysate was
centrifuged at 8,160 X g in a microcentrifuge for 5 min, transferred to another
tube, and again centrifuged at 8,160 X g in a microcentrifuge for 15 min. The
lysate was collected, and protein levels were estimated by the method of Brad-
ford (Bio-Rad). A total of 35 wl of HA (F-7) antibody (Sc-7392) (Santa Cruz
Biotech) was added to 4 mg of protein lysate and rocked overnight at 4°C.
Recombinant protein A-Sepharose beads (50 wl) were added to capture the
immune complexes and rocked for another 1 to 2 h at 4°C. Immunoprecipitation
products were collected by centrifugation, washed three times with lysis buffer,
and then equilibrated in HDAC assay buffer.

HDAC activity was measured using an HDAC assay kit from Upstate Biotech
(catalog no. 17-320). In summary, biotinylated histone H4 peptide was labeled
with [*H]acetyl coenzyme A and collected on streptavidin agarose beads as
described by the manufacturer. A total of 3 ul of labeled histone H4 (~10,000
cpm) was added to 1X HDAC buffer containing immunoprecipitated protein
(HA-tagged Mscl) bound on recombinant protein A-Sepharose beads in a total
volume of 200 pl. The reaction was incubated on a rotating wheel at room
temperature for 24 h. The mix was centrifuged at 16,000 rpm in a microcentrifuge
for 4 min, and released counts were assayed by transferring 100 pl of supernatant
to a scintillation vial containing scintillation fluid, mixed thoroughly, and
counted.

Construction of mscl deletions. To express the mscl gene ectopically, an HA
epitope tag was engineered in frame at the 3’ end of the gene immediately
upstream of the stop codon. The full-length gene was expressed from its own
promoter in the pSP1 plasmid (15). Deletion constructs were made either by
restriction digestion followed by religation to generate in-frame deletions or by
PCR amplification of fragments that were subsequently ligated into the pSP1/
mscIHA plasmid.

Northern analysis. RNA was isolated (as described by others) (63) from
wild-type cells or cells lacking msc! which had been grown to mid-log phase.
DNA sequences of clr3 (6), hdal (57), clr6 (27), dedl (40), mst2 (Sanger Centre
accession number SPAC17G8.13c¢), and esal (Sanger Centre accession number
SPAC637.12¢c) were amplified by PCR using genomic DNA of wild-type S. pombe
as a template. A total of 50 pg of each PCR product was used to make each
probe. RNA separation and detection by Northern blot analysis were carried out
according to standard methods.
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FIG. 1. Isolation of Mscl as a multicopy suppressor of loss of checkpoint function. (A) Screening used to isolate the multicopy suppressors of
loss of checkpoint function (see text for details). (B) chkl::ura cdcl17-K42 strains transformed with either an empty vector or a plasmid with a
genomic copy of mscl (pmscl) were grown to mid-log phase in liquid culture. Tenfold serial dilutions were made, and aliquots were spotted on
plates. Plates were incubated at 25 or 32°C for 3 days. (C) Analysis of Chkl phosphorylation in strains with defective DNA ligase activity of
cdc17-K42 at 32°C. A cdcl7-K42 strain with an integrated HA-tagged chk! allele was transformed with either empty vector (lanes 1 and 2) or with
pMscl (lanes 3 and 4). Strains were grown at 25°C to mid-log phase and then shifted to 32°C for 6 h. Protein was extracted by glass bead lysis,
separated on an sodium dodecyl sulfate-polyacrylamide gel, transferred to nitrocellulose membrane, and blotted with antibody to the HA tag to
detect the unphosphorylated and phosphorylated forms of Chkl. (D) A chkl::ura4 deletion strain was transformed with empty vector or plasmids
containing genomic copies of mscl or chkl. Strains were grown in liquid culture to mid-log phase, and 1,000 cells were plated and exposed to the
indicated doses of UV light. All plates were incubated at 30°C for 3 days. The percentages of surviving colonies relative to those seen with
unirradiated control plates were determined. Values shown are the averages of three independent experiments.

RESULTS able at 32°C (75, 77). To identify other proteins involved in the
checkpoint pathway we performed a genetic screening for
genes that (when present in multiple copies per cell) allowed a

cdcl7-K42 chkl ™ strain to form colonies at the restrictive tem-

Genetic search to identify suppressors of the DNA damage
checkpoint pathway. To identify additional components of the
DNA damage checkpoint pathway, we set up a genetic screen-

ing utilizing chkI-dependent loss of viability at 32°C of a DNA
ligase-deficient S. pombe strain. As depicted in Fig. 1A, a DNA
ligase mutant strain with a temperature-sensitive DNA ligase
allele (cdc17-K42) is not able to form colonies at 36.5°C be-
cause of complete loss of DNA ligase function but grows well
at the permissive temperature of 25°C (55). At 32°C the strain
can form colonies, but cells are elongated because of a check-
point-dependent cell cycle delay due to partial loss of DNA
ligase activity (2). Thus, a checkpoint-defective allele of chkl
(or chkl deletion) makes the DNA ligase-deficient strain invi-

perature of 32°C. In this screening we found plasmids encoding
Cdc17 and Chkl, as well as several novel genes, including msc?!
(for “multicopy suppressor of Chk1”) (SPAC343.11c; DDBJ/
EMBL/GenBank accession number NP_593431). Transform-
ing mscl on a multicopy plasmid allows a strain lacking chk!
(chkl:ura4 cdc17K42) to grow at 32°C (Fig. 1B), suggesting
that mscl bypasses the requirement for chkl function when
DNA ligase activity is limiting.

To allow colony formation at 32°C, the mscl plasmid might
either restore function to the defective DNA ligase mutant or
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compensate for the loss of chkI function. Mscl clearly cannot
substitute for DNA ligase, as a cdcl7-K42 strain with multicopy
mscl fails to grow at 36°C (data not shown), a temperature at
which the cdc17-K42 allele is inactive. To test whether Mscl
partially substitutes for or restores function to Cdcl7, we also
did an assay that monitors DNA damage by way of Chkl
phosphorylation. At 32°C cdc17-K42 cells delay entry into mi-
tosis and Chkl becomes phosphorylated (Fig. 1C, lane 2). As
shown in Fig. 1C, phosphorylation of Chkl occurs even when
mscl is present in multiple copies (Fig. 1C, lane 4), indicating
that damage generated by limiting DNA ligase activity is still
present in these cells. Thus, it is likely that mscl suppresses
chkl rather than cdcl7 function.

To find out whether multicopy expression of mscl can by-
pass the need for chkl when cells are exposed to other types of
DNA damage, we transformed Mscl on a multicopy plasmid
into a chkl deletion strain and assayed for UV sensitivity. The
chkl:wura4 deletion strain transformed with an empty vector
plasmid is UV sensitive, while a wild-type chkI plasmid confers
UV resistance to the chkl:ura4 strain. Transformation with
mscl plasmid makes a chkl deletion strain less sensitive to UV
light (Fig. 1D), indicating that multicopy expression of mscl/
can partially compensate for the complete absence of chkl.

Cells lacking Mscl are viable and checkpoint proficient. To
investigate the function of Mscl we deleted the coding region
of the mscl gene with a selectable marker (kan®). We were
able to obtain viable integrants from a haploid strain, indicat-
ing that mscl is a nonessential gene. Cells lacking mscl are
mildly UV sensitive but in combination with chkl deletion
show a cumulative effect (Fig. 2A), suggesting that the two
proteins function in distinct pathways to promote survival after
DNA damage. To investigate the role of msc! in checkpoint
function we determined whether cells lacking mscl delay mi-
totic entry. While a chkl deletion strain enters mitosis in the
presence of DNA damage, mscl deletion and wild-type cells
delay mitotic entry (Fig. 2B), suggesting that msc! is not re-
quired for the checkpoint that mediates mitotic delay.

Mscl protein contains three PHD fingers and shows high-
level similarity to RBP2. Mscl contains three PHD fingers,
jumonji (jmj) N and C domains, a small Zn finger, and (ac-
cording to one motif-scanning program) a BRCT domain. Ju-
monji domains have been found in many transcription factors
(4). PHD fingers have a typical structure (CsHC, or C,HC;)
and are found predominantly in proteins associated with chro-
matin function (1). The BRCT domain originally identified in
the tumor suppressor protein BRCA1 has also been found in
several proteins involved in DNA damage checkpoint and re-
pair pathways (35, 79). A BLAST search with the Mscl amino
acid sequence identified the human Rb binding protein RBP2
as having 21% identity over a stretch of 900 amino acids. A
search using the National Center for Biotechnology Informa-
tion (NCBI) Conserved Domain Architecture Retrieval Tool
(CDART) (http://www.ncbi.nlm.nih.gov/Structure/lexington
/lexington.cgi?cmd = rps) indicated that the similarity of the
domain structures of Mscl and RBP2 extends over the entire
protein (Fig. 3). Apart from its ability to bind Rb in a two-
hybrid assay (21, 37), little is known about the function of
RBP2. A second protein identified by CDART has been en-
tered into GenBank three times (as PLU-1, RbBP2H]1, and
RbBP2H]1a), but all three entries appear to represent the same
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FIG. 2. Loss of mscl function compounds the sensitivity to UV
light of a chkI-deficient strain. (A) The indicated strains were grown in
rich medium to mid-log phase, and 1,000 cells per plate were exposed
(or not exposed) to the indicated doses of UV light. Survival after 3
days on plates was determined as described in the legend to Fig. 1D.
(B) The UV sensitivity of a strain lacking msc! is not due to a com-
promised checkpoint. The indicated strains (each having a cdc25-22
mutant allele) were synchronized in G, by incubation at 36.5°C, ex-
posed to UV light, and released to permissive temperature to monitor
passage through mitosis as described in Materials and Methods.

protein and to possess similar domain structures. No apparent
homologue (with the same arrangement of domains) exists in
Saccharomyces cerevisiae.

Mscl localizes to the nucleus. To characterize the Mscl
protein, a triple HA epitope tag was introduced into the ge-
nome in frame with the mscl coding sequence. The HA epi-
tope had no apparent effect on the function of Mscl (see
Materials and Methods). The results of indirect immunofiuo-
rescence microscopic studies using antibody against the HA
epitope clearly show that Mscl localizes in the nucleus (Fig.
4A). To determine whether or not Mscl associates with chro-
matin, a cell fractionation procedure developed for S. pombe
(28) was utilized as depicted in Fig. 4B. As shown in Fig. 4C,
Mscl cofractionates with the chromatin marker histone H4
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FIG. 3. Domain architecture of Mscl. The domain architecture of Mscl has the same motif arrangement as that of RBP2 (GenBank accession
number NP_005047) and PLU-1 (GenBank accession number CAB63108). Mscl was investigated using the GenBank database and the CDART
available at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/Structure/lexington/lexington.cgi?’cmd = rps) a.a.,

amino acids.

whereas very little Mscl is apparent in the cytosolic fraction.
Dedl, a putative RNA helicase (40) implicated in translational
regulation (11), was used as a marker for the cytosol.

Cells lacking Mscl are hypersensitive to the HDAC inhibi-
tor TSA. While cells lacking mscl are mildly sensitive to UV
light exposure, the killing caused by UV is not sufficient for
genetic screenings to dissect Mscl function successfully.
Therefore, we searched for conditions under which an mscl
mutant could not survive. We tested the sensitivity of the
mscl deletion strain to a variety of drugs: loss of msc! function
had little or no effect on survival upon exposure to the topo-
isomerase I poison camptothecin, the ribonucleotide reductase
inhibitor hydroxyurea, or caffeine (data not shown). Strikingly,
mscl::kan® deletion cells were found to be sensitive to TSA, an
inhibitor of HDAC (80). As shown in Fig. 5A, wild-type cells
and cells lacking Chk1 can tolerate exposure to TSA; however,
cells lacking Mscl function are unable to grow on plates con-
taining the drug.

Cells lacking Mscl contain hyperacetylated histone H3.
The fact that cells lacking mscl are hypersensitive to TSA
prompted us to check the level of bulk histone acetylation in
those cells. Histones were isolated as described previously (20)
from wild-type and mscl deletion cells grown in the presence
or absence of TSA. Histones were probed with antibodies that
recognize diacetylated histone H3 or tetra-acetylated histone
H4. As shown in Fig. 5B, cells lacking Mscl exhibit a striking
(approximately 20-fold) increase in the signal for diacetylated
histone H3 compared to wild-type cells (compare lanes 1 and
3). Exposure of wild-type cells to TSA results in hyperacetyla-
tion of histone H3 (Fig. 5B, second lane from left) compared
to the results seen with untreated wild-type cells (lane 1).
Strikingly, a 20-fold increase in diacetylated histone H3 was
observed in cells lacking msc! even in the absence of TSA (Fig.
5B, lane 3, and 5C). TSA treatment of cells lacking mscl
caused a further increase in acetylation (Fig. 5B, lane 4, and
5C). These results suggest that msc! is required for deacety-
lation of histone H3 (either through recruitment or activation
of a HDAC or through inhibition of a HAT). The effect of

mscl on histone H4 is much less pronounced (Fig. 5B, bottom
panel, and 5D).

Given the presence of domains within Mscl that are found
in transcriptional regulators, we considered the possibility
that the alteration in histone H3 acetylation might be due to
changes in the expression of genes that mediate histone acet-
ylation. Therefore, we generated probes to several known
HDAC, clr3 (6), hdal (57), and clr6 (27), and to mst2
(SPAC17G8.13c) and esal (SPAC637.12c), two genes thought
to encode HAT by virtue of their homology to such genes in
other organisms. RNA was prepared from wild-type cells and
cells lacking mscI and probed by Northern blotting. As shown
in Fig. 5E, no change in the level of mRNA for any of these
genes was detected.

Mscl coprecipitates HDAC activity. Mscl lacks homology to
any known histone-modifying enzymes. Thus, it is possible that
the influence of Mscl on histone acetylation is due to an as-
sociated histone-modifying enzyme. We tested whether or not
Mscl associates with a HDAC activity by immunoprecipitating
Mscl and assaying for coprecipitating HDAC activity in the
immunoprecipitate. Labeled histone peptides were incubated
with either immunoprecipitated Mscl or a mock immunopre-
cipitation from a strain lacking the HA tag on Mscl. A three-
fold increase in released tritiated acetyl coenzyme A levels was
observed in the Mscl coimmunoprecipitated complex com-
pared to the results seen with the mock immunoprecipitated
sample (Fig. 6A). The activity was inhibited by sodium bu-
tyrate, a known inhibitor of HDAC activity (Fig. 6A).

PHD fingers are necessary for association with HDAC ac-
tivity and for suppression of TSA sensitivity. To begin a struc-
ture-function analysis of the Mscl protein, deletion constructs
were generated as described in Materials and Methods to ex-
press versions of Mscl in fission yeast that lack particular
domains. These plasmids were transformed to an mscl dele-
tion strain and tested for TSA sensitivity. As shown in Fig. 6B,
the wild-type mscl plasmid confers resistance to TSA whereas
the mscl deletion strain transformed with the empty vector is
sensitive to TSA. Transformation of plasmids lacking one or
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FIG. 4. Mscl is a chromatin-associated protein. (A) Nuclear localization of Msc1. Cells with an integrated allele of HA-tagged mscI were grown
to mid-log phase and fixed with glutaraldehyde, and immunofluorescence assays were performed using anti-HA antibody. (B) Schematic
representation of chromatin fractionation assay. (C) DNA was isolated (as described in Materials and Methods) from the indicated fractions, run
on an agarose gel, and stained with ethidium bromide. (D) Protein samples from the indicated fractions were separated by SDS-polyacrylamide
gel electrophoresis and transferred to nitrocellulose. Western blot analysis was performed using anti-HA antibody to detect HA-tagged Mscl

(Mscl1-HA), anti-Ded1 antibody (Ded1), or antibody to histone H4.

two PHD domains fails to restore TSA resistance, suggesting
that these domains are necessary for the activity that is sup-
plied by wild-type Mscl. The jmjN domain does not appear to
be important for this activity, as cells expressing the jmjN
deletion are TSA resistant. The deletion constructs were also
tested for the ability to coprecipitate HDAC activity. As shown
in Fig. 6C, the HA-tagged PHD domain deletion proteins
encoded by deletion construct 1 (del 1) and del 2 coprecipi-
tated reduced HDAC activity compared to the full-length pro-
tein, suggesting that the PHD fingers are important for asso-
ciation with the HDAC protein. A correlation exists between
the ability to restore TSA resistance and the ability to copre-
cipitate HDAC activity, as the jmjN deletion protein encoded
by del 4 is competent to do both (Fig. 6B and C). Each of the
deletion constructs expresses an HA epitope-tagged protein of
the expected molecular weight.

DISCUSSION

We have identified Mscl, a fission yeast protein with motifs
reminiscent of an Rb-binding protein, RBP2 (Fig. 3). Mscl
associates with chromatin and coprecipitates HDAC activity.

Deletion of Mscl causes a striking increase in global acetyla-
tion of histone H3 and confers cellular sensitivity to the HDAC
inhibitor TSA. Cells lacking Mscl are mildly sensitive to ex-
posure to UV light, and Mscl (in multiple copies) suppresses
the sensitivity of cells lacking the checkpoint kinase Chkl to
DNA damage.

Several interesting questions are raised by this set of obser-
vations. First of all, how might a chromatin-associated protein
that clearly affects global histone acetylation patterns influence
survival of a checkpoint-defective cell? One possibility is that
the ability of multiple copies of Mscl to improve the survival of
cells lacking Chkl1 is an indirect consequence of the alteration
of chromatin structure. We have demonstrated that Mscl as-
sociates with a HDAC activity. Perhaps when the level of Mscl
is increased, additional HDAC activities are recruited to chro-
matin. Perhaps alterations in the normal state of histone acet-
ylation alter the sensitivity of chromatin to the effects of DNA
damaging agents, possibly limiting the amount of damage done
and thereby increasing cell survival. Alternatively, it is possible
that multicopy Mscl brings about changes in chromatin struc-
ture that are more favorable for DNA repair, resulting in
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FIG. 5. Deletion of mscl affects cellular sensitivity to TSA and alters the state of histone acetylation in vivo. (A) An mscl::kan® deletion strain
is TSA sensitive. Tenfold serial dilutions of the indicated strains were spotted on rich medium (—TSA) or rich medium containing 25 g of TSA/ml
(+TSA) and incubated at 30°C for 3 days. (B) Deletion of Msc1 results in hyperacetylation of histone H3. Histones were isolated from wild-type
cells (Mscl +) or an mscl::kan® deletion strain (Mscl A). Histones (25 pg) were loaded on a 15% polyacrylamide gel and transferred to nylon
membrane. Acetylated (Ac) histones were detected using antibody that recognizes histone H3 diacetylated on lysines 9 and 14 (upper panel), total
histone H3 (middle panel), or histone H4 tetra-acetylated on lysines 5, 8, 12, and 16 (lower panel). (C and D) The data presented in panel B was
quantitated using ImageQuant software normalized with histone H3 values and plotted to convey the relative amounts of acetylation in the
different strains. (E) Northern blot analysis of genes affecting histone acetylation. RNA was isolated from wild-type and mscl::kan® cells and
probed for the expression level of the indicated genes. The clr3, hdal, and clr6 genes encode HDAC. The mst2 and esal genes encode putative
HAT, as suggested by sequence similarity to genes in other organisms. The ded! gene, encoding a DEAD-box helicase involved in translation

initiation, was used as a loading control.

increased survival of the strain despite the absence of check-
point function. Finally, altering the copy number of Mscl may
have consequences for gene expression, leading to (for exam-
ple) the increased expression of DNA repair enzymes. Indeed,
a likely Ustilago maydis homologue of Mscl known as Ruml
(which also displays domain structure similarity to RBP2) has
been shown to affect the expression of a number of genes in
that organism (58). While cells lacking Mscl do not exhibit
altered expression of genes that mediate histone acetylation
(Fig. 5E), further experiments will be needed to evaluate
whether Mscl affects the expression of genes that influence
DNA repair.

Mscl is related to RBP2 and associates with chromatin.
While Mscl has 21% amino acid identity over 900 amino acids
to the human protein RBP2, the domain architecture conser-
vation of Mscl with the human RBP2 and PLU-1 proteins is
particularly striking (Fig. 3). RBP2 was originally identified in

a screening for cDNAs encoding proteins capable of interact-
ing with the tumor suppressor protein Rb (17). In a recent
study RBP2 was found to be a binding partner for rhom-
botin-2, a LIM domain protein involved in erythropoiesis and
T-cell leukemogenesis (48). RBP2 possesses a motif character-
ized by the sequence LXCXE, which is typical of Rb binding
proteins. Mscl does not have the LXCXE motif, and S. pombe
does not possess any obvious homologue of Rb. RBP2 also
binds to the Rb-related protein p107 through the LXCXE
motif (37). The interaction between RBP2 and Rb, however,
can be accomplished through a distinct motif (37).

Mscl, RBP2, and PLU-1 each contain three PHD fingers
and two jumonji (jmj) domains. The jumonji domain was first
identified in the jumonji family of transcription factors and
subsequently in SMCX, RBP2, and several other proteins (43,
70). Several proteins containing jumonji domains also contain
a dead ringer domain and one or more PHD fingers (26). The
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FIG. 6. Mscl associates with a HDAC. Mscl coprecipitates a HDAC activity. (A) A strain having HA-tagged Mscl was grown to mid-log phase,
and Mscl was immunoprecipitated (IP) as described in Materials and Methods. Mock or Mscl immunoprecipitated samples were incubated with
labeled histone H4 peptide for 24 h at room temperature. One set of Mscl immunoprecipitates was incubated in the presence of sodium butyrate
(Sod. Butyrate). Released *H was counted using a scintillation counter. The values shown represent the averages of three assays, and the error bars
represent the standard deviations of the data. (B) An mscl::kan” deletion strain was transformed with the indicated plasmids. Transformants were
grown to mid-log phase, and 10-fold serial dilutions of the indicated strains were spotted on EMM-leu medium in the absence (—TSA) or presence
(+TSA) of 5 pg of TSA/ml. Plates were incubated at 30°C for 4 days. (C) Strains harboring plasmids expressing deletion constructs of HA-tagged
Mscl were grown to mid-log phase, and Mscl was immunoprecipitated and assayed for HDAC activity as described for panel A.

PHD type of zinc finger, also called leukemia-associated
protein finger or trithorax consensus finger (61), is found
predominantly in proteins that function at the chromatin
level (1).

Although more than 300 (mainly nuclear) proteins contain-
ing one or more PHD fingers have been identified, relatively
little is known about the function of this domain. Since many
PHD finger-containing proteins reside in large multiprotein
complexes, these zinc fingers have been proposed to be in-
volved in protein-protein interactions (1). The similarity be-
tween PHD fingers and Ring fingers, which possess E3 ubig-
uitin ligase activity, has prompted tests of PHD domains as E3
ubiquitin ligases. Indeed, several recent studies demonstrated
that isolated PHD domains can function in vitro as E3 ligases

(7, 13, 14, 44). Thus far, these observations have been made
using domains from non-nuclear PHD-containing proteins. If
the PHD domains of Mscl indeed function as E3 ubiquitin
ligases, it is tempting to speculate that the target of ubiquiti-
nation might be a chromatin-associated protein. This possibil-
ity is particularly tantalizing given recent results indicating that
ubiquitination of one histone tail is a necessary prerequisite for
the methylation of another histone tail (69, 78). The utility of
multiple E3 ligase domains in a single protein, such as would
be the case for Mscl, might be that of modifying multiple
targets simultaneously. Recently, a new function for PHD do-
mains has been suggested from the demonstration that a PHD
domain from the chromatin-associated ING2 protein is capa-
ble of binding to phosphoinositide, suggesting a possible role
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for PHD domains as signaling receptors that can regulate nu-
clear responses (24).

Mscl is required for global deacetylation of histone H3.
Immunofluorescence studies suggest that Mscl1 localizes to the
nucleus. Association of Mscl to chromatin suggests that it is
functioning at the level of chromatin and could have a role in
transcription regulation through chromatin modifications, as
has been shown for other PHD-containing proteins (1). The
mscl::kan® strain exhibits sensitivity to the HDAC inhibitor
TSA. We isolated histones from wild-type and msc1::kan® cells
to evaluate whether Mscl affects the level of histone acetyla-
tion in vivo. As shown in Fig. 5, acetylation of histone H3 in
particular is clearly dramatically increased in cells lacking
Mscl. This hyperacetylation is further increased upon treat-
ment with TSA. The lethality observed upon incubation of
mscl::kan® cells with TSA could result from dramatic changes
in chromatin structure due to the compounded effects on acet-
ylation of histone H3 caused by deletion of Mscl and by TSA
treatment. Alternatively, it is possible that simultaneous treat-
ment with TSA of cells lacking Mscl causes critical changes in
gene expression that cannot be tolerated by the cells. The
acetylation level of histone H4 (probed with an antibody for
tetra-acetylated histone H4) did not reveal dramatic changes in
acetylation of this protein in cells lacking Mscl. Nonetheless,
treatment of cells with TSA increased the level of acetylated-
histone H4 in mscl::kan® cells more than in wild-type cells.

PHD domains have been found in proteins that encode
HAT and in proteins that associate with HDAC. Given the fact
that Mscl lacks homology to known histone-modifying en-
zymes, we theorized that Mscl might act as a regulator of
acetylation rather than as an enzyme that acts directly on
histones. Mscl coprecipitates HDAC activity, and the PHD
domains of Mscl seem to be important for this ability. Fur-
thermore, the deletion mutants with reduced ability to copre-
cipitate HDAC activity failed to restore resistance to TSA,
suggesting that these two properties are linked. There are
several known HDAC in S. pombe, including Clr6, Clr3, and
Hdal (27, 57). 1t is possible that the PHD fingers of Mscl are
required for recruitment of one or more of these enzymes to
chromatin. The tumor suppressor Rb has been shown to re-
cruit HDAC to chromatin in mammalian cells, resulting in
localized repression of gene expression (22, 81). Thus, whereas
Rb itself is not found in yeast it is possible that a protein with
which it interacts in mammalian cells and which does have a
counterpart in fission yeast might perform a similar function.
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