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Mscl, a member of the Jarid1 family of putative histone dem-
ethylases, is required for chromosome stability in fission yeast.
Mscl associates with the Swrl complex that facilitates deposi-
tion of histone H2A.Z into chromatin. To assess the function of
Mscl in the Swrl complex, domains of Mscl necessary for inter-
action with Swrl were identified. The C-terminal plant home-
odomain (PHD) 2 and PHD3 of Mscl are sufficient to confer
association with Swr1 and allow Mscl1 to function in the context
of kinetochore mutants. On the other hand, a mutant with a
single amino acid substitution in PHD2 within the full-length
Mscl protein retains the ability to bind to Swrl but eliminates
the function of Mscl in combination with kinetochore mutants.
Thus, Swrl association is critical but not sufficient for Mscl
function. An activity of Mscl that depends on the cysteine resi-
due within PHD2 of Msc1 is likewise critical for function. On the
basis of our observation that the PHDs of Mscl act as E3 ubiq-
uitin ligases and that mutations of cysteine residues within those
domains abolish ligase activity, we speculate that the ability of
Mscl to facilitate ubiquitin transfer is critical for the function it
mediates through its association with Swrl.

The fission yeast mscl gene was first isolated as a multicopy
suppressor of loss of Chkl function (1), a phenotype that
requires the histone H2A variant H2A.Z to be intact (2). The
absence of Mscl function results in chromosome loss, suggest-
ing that Mscl plays a critical role in maintaining genomic sta-
bility (2). Furthermore, the viability of conditional mutants with
defective components of the kinetochore is compromised in
the absence of Mscl function. In addition, phenotypes of cells
deleted for msc1 are similar to those of cells deleted for pht1, the
gene encoding histone H2A.Z in Schizosaccharomyces pombe
(2). Studies from multiple groups demonstrate that the Mscl
protein is a component of the Swrl chromatin-remodeling
complex (3-6), confirming genetic and proteomic predictions
(7, 8). Swrl complexes from a variety of organisms facilitate the
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incorporation of the histone variant H2A.Z into chromatin in
exchange for histone H2A (9, 10).

Mscl has multiple conserved domains that suggest it plays a
role in chromatin structure and/or function, including three
plant homeodomains (PHDs)? and a Jumonji C (JmjC) domain.
Structural studies of isolated PHDs suggest that the two Zn>*-
binding domains could fold in a manner similar to that of RING
domain-containing E3 ubiquitin ligases (12). Indeed, PHDs,
including those of Mscl (13), have been demonstrated to pos-
sess E3 ubiquitin protein ligase activity (14—18). Additionally,
PHDs of several proteins demonstrate the ability to bind in vitro
to methylated residues in histone tails (19-22) and to bind
phosphoinositide (23).

Mscl also possesses a JmjC domain, a functional unit that
can catalyze the demethylation of histone residues (24). Indeed,
when overexpressed, the RBP2 and PLU-1 proteins bring about
the demethylation of di- and trimethylated Lys* of histone H3
(25-28). Deletion of the mscl gene can result in elevation of
methylated Lys* of histone H3 (13), an effect most readily
observed in cells that are deficient for the E2 ubiquitin ligase
Rhp6. Cells lacking rhip6 are extremely slow growing and have
essentially no detectable H3 methyl-Lys* as determined by
Western blot analysis. When msc1 is simultaneously deleted in
an rhp6 deletion strain, cells are restored to normal growth
rates and have readily detectable H3 methyl-Lys*. Thus, the
cellular behavior of Mscl is consistent with a possible role as a
histone demethylase.

As a protein characterized by PHDs, a JmjC domain, and
association with Swrl, Mscl may play an important regulatory
role in the modification of histone tails at transcribed genes or
at other locations in the genome. Both H3K4 methylation and
histone H2A.Z are found at the 5’-end of transcribed and non-
transcribed genes (3, 29, 30). In addition, some reports suggest
that H2A.Z may localize to centromeric heterochromatin in
S. pombe (31), as is true for mammalian chromosomes (32),
although other studies using genome-wide analysis in S. pombe
do not support this localization (4, 5). We have previously dem-
onstrated that Mscl facilitates the incorporation of the histone
H3 variant CENP-A at centromeres (although this result is con-
troversial; see Refs. 5 and 6); we have also shown genetically that
multicopy Mscl compensates for a conditionally defective
CENP-A mutant (2). In sum, these results suggest that Mscl

3 The abbreviations used are: PHD, plant homeodomain; JmjC, Jumoniji C;
YEA, yeast extract adenine.
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may influence stability of the specialized nucleosomes found at
the centromere of eukaryotic chromosomes.

Given the association of Msc1 with the Swrl complex and the
critical role of Swrl in mediating chromosome stability and
histone modifications, it is of interest to determine how Mscl
interacts with Swrl and the functional consequences of that
interaction. Here, we demonstrate that the C-terminal PHDs of
Mscl are necessary for association with Swrl and that a trun-
cated Mscl protein consisting of the C-terminal PHDs alone is
sufficient to associate with Swrl. Significantly, point mutations
of cysteine residues within the PHDs of Msc1 retain the ability
of Mscl to associate with Swrl. However, a cysteine-to-alanine
mutation in PHD2 eliminates the function of Mscl as assayed
by the ability to maintain viability of kinetochore mutants. Such
mutations have been shown previously to compromise the E3
ubiquitin ligase activity of the Mscl PHDs (13). Thus, we
hypothesize that, in addition to associating with Swrl, the
activity of Mscl as a ubiquitin ligase is critical for its function in
mediating chromosome stability and segregation.

EXPERIMENTAL PROCEDURES

Strains and Growth Conditions—Cells were grown at 30 °C
unless indicated otherwise. The strains used are listed in sup-
plemental Table 1. For spotting assays, cells were grown to mid-
log phase, and 10-fold serial dilutions were made. Aliquots of 5
wl of each dilution were spotted on plates. Incorporation of
epitope tags at the C termini of Mscl, Swrl, Ino80, and Mst1
was carried out using primers homologous to the 3’-end of the
genes to amplify C-terminal tagging cassettes from the Bahler
plasmid collection (33). The functionality of tagged Mscl,
Swrl, and Phtl was confirmed by crossing the tagged strains
with a mis6-302 strain. Growth at 30 °C was used as evidence
that the tagged alleles were functional because mis6-302 in
combination with deletion alleles of any of these is inviable at
30 °C (Ref. 2 and this study). The genes encoding Ino80 and
Mst1 are essential. Thus, the viability of the tagged strains was
used as evidence of protein function.

Protein Purification and Mass Spectrometry Analysis— Affin-
ity purification of the Mscl-TAP complex was performed as
described (34). 5, 15, and 25 ul of purified protein complexes
resuspended in lithium dodecyl sulfate-PAGE buffer were
resolved on a 4—12% NuPAGE gel using Mops buffer (Novex).
Silver staining was performed using a PlusOne silver staining
kit (GE Healthcare). Mass spectrometry was done in the labo-
ratory of Dr. Peter Lobel (Center for Advanced Biotechnology
and Medicine and UMDN]J-Robert Wood Johnson Medical
School).

Chromatin Immunoprecipitation—Assays were performed
as described (2), except that a mouse monoclonal antibody to
the HA tag (F7, Santa Cruz Biotechnology, Inc.) on H2A.Z was
used.

Co-immunoprecipitations—Immunoprecipitation was per-
formed as described previously (13) with modifications. 60 ul of
antibody F7 was used to bind HA-tagged protein, or 60 ul of
antibody M2 (Sigma) was used to bind FLAG-tagged protein.
For detection of proteins by Western blot analysis of nitrocel-
lulose filters following separation of immune complexes by
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SDS-PAGE, antibody F7 or M2 was used at a dilution of 1:500,
followed by detection with HRP-coupled secondary antibodies.

Immunofluorescence—Immunofluorescence was performed
using mid-log phase growing cells as described previously (1).

Reverse Transcription-PCR—50-ml cultures were grown to
mid-log phase, and a RiboPure-Yeast kit (Ambion) was used to
extract RNA according to the manufacturer’s protocol. Super-
Script I reverse transcriptase (Invitrogen) was used to perform
RT-PCR. 1 ul of RNase H (New England BioLabs) was used to
generate cDNA at 37 °C for 20 min. A Sprint Advantage single
shot strip (Clontech) was used for regular PCR. The primers
used were as follows: Swrl,5'-GCT TCATCG TGT ACT CAG
AC-3" and 5'-GGC AGA TCT TCG CAA GGC GA-3’; Mscl:
5'-GCA TCT AGA AAG TCC TTC GG-3' and 5'-CTA TAG
CCA AAC ATT CCT CG-3’; and Fbpl, 5'-AAT GAC AAT
TCC CCA CTA GCC-3' and 5'-ACT TCA GCT AGG ATT
CACCT-3'.

RESULTS

Mscl Associates with Swrl, and Its Stability Is Dependent on
the Presence of Swrl—The Mscl protein of fission yeast was
originally isolated as a dosage suppressor capable of conferring
cell survival on cells defective for the checkpoint kinase chkl
(1). Loss of function of Mscl results in elevated rates of chro-
mosome loss and genetic interactions with components of the
fission yeast kinetochore and centromere (2). To further inves-
tigate the role of Mscl in cells, we introduced a TAP tag into the
genomic copy of mscl, purified TAP-tagged Mscl, and identi-
fied associated proteins. We detected components of the fission
yeast Swrl complex (supplemental Fig. 1), consistent with
recent reports from other investigators that Mscl is a stoichio-
metric component of this complex (3—6). Some components of
the Swrl complex are also components of other chromatin-
modifying complexes in yeast, including the NuA4 histone
acetyltransferase complex and the Ino80 complex (9). There-
fore, we tested whether Mscl could be reciprocally co-immu-
noprecipitated with the catalytic subunit of the Swrl complex,
Swrl, the Mstl catalytic subunit of NuA4, or Ino80. Mscl,
Swrl, Ino80, and Mstl were tagged at their chromosomal loci
with HA (Mscl) or FLAG (Swrl, Ino80, and Mstl). Strains
bearing tagged alleles of Msc1 were crossed with strains of each
of the FLAG-tagged genes. As shown in Fig. 1B, immunopre-
cipitation of HA-tagged Mscl coprecipitated Swrl-FLAG,
whereas immunoprecipitation of Swrl-FLAG coprecipitated
Mscl-HA. In contrast, no co-immunoprecipitation of either
Ino80 or Mst1 could be detected with Mscl (supplemental Fig.
1). We conclude that Msc1 specifically associates with the Swr1
complex.

Mscl localizes to the nucleus and is associated with chroma-
tin (1). To determine whether localization is dependent on
Swr1, we examined the nuclear localization of Msc1-HA in cells
lacking swr1, which are viable. As shown in Fig. 1C, localization
of Mscl to the nucleus was retained, although the signal of
Mscl-HA as detected by immunofluorescence with antibody to
the HA tag was much weaker in the swriA cells. We postulated
that this reduced signal could be due to instability of the Mscl
protein in cells lacking Swrl. Indeed, by Western blot analysis
of serially diluted protein extracts, we determined that the
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FIGURE 1. Msc1 associates with Swr1, and its stability is compromised in cells lacking Swr1. A, Msc1
co-immunoprecipitated with Swr1. NW2632 cells with HA-tagged Msc1 and FLAG-tagged Swr1, each at their
respective chromosomal locus, were grown to mid-log phase, lysed, and immunoprecipitated (/P) with anti-
body (Ab) to either the HA or the FLAG epitope. Captured immune complexes were separated by SDS-PAGE
and subjected to Western blot analysis with antibody to HA or FLAG. B, cells with endogenous HA-tagged Msc1
and either wild-type (NW1562) or deleted (NW2633) Swr1 were grown to mid-log phase, fixed, and incubated
with antibody to the HA epitope. Cells were stained with secondary antibody coupled to Cy3 and with DAPI to
visualize nuclei. C, lysates from mid-log phase cells with (NW1562) or without (NW2633) Swr1 were loaded as
serial dilutions, separated by SDS-PAGE, transferred to nitrocellulose, and probed with antibody to detect the

HA epitope on Msc1.
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FIGURE 2. Deletion of Swr1 or Msc1 suppresses cold sensitivity of dis1-
288. The absence of Msc1 or Swr1 improved growth at restrictive tempera-
ture for the cold-sensitive mutant dis7-288. The indicated strains (SP6,
NW1624, NW2638, NW2639, and NW2640 from top to bottom) were grown at
30 °Cto mid-log phase, and serial dilutions were prepared for spotting on YEA
plates and incubation at the indicated temperatures.

Mscl-HA protein was less abundant at steady state in swriA
cells than in swri™ cells (supplemental Fig. 2). As Swr1l has been
implicated in transcriptional regulation, we performed
RT-PCR to determine whether the message level of Mscl is
altered when Swrl is absent, but we found that the mRNA level
of the mscl gene was constant in wild-type cells and cells
deleted for swrl (supplemental Fig. 2). We conclude that it is
the protein level of Mscl that is compromised when Swrl is
absent. Thus, phenotypes associated with loss of swr1 function
must also assume diminished msc! function as well. In contrast
to the dependence of the Mscl protein level on Swrl, Swrl
levels do not vary in cells lacking Msc1 (data not shown).

Loss of Swrl Function, Like Loss of Mscl Function, Compro-
mises Viability of Kinetochore Mutants and Affects Silencing at
Centromeres—We have shown previously that loss of Msc1 func-
tion compromises the viability of mutants with conditional alleles
of genes encoding kinetochore proteins (2). Because Mscl is pres-
ent in the Swrl complex, we sought to determine whether loss of
Swrl function has similar phenotypes. Consistent with their phys-
ical association, the absence of swrl compromised the viability of
misl2 and mis6 mutants, genes that encode conserved compo-
nents of the outer and inner kinetochores of fission yeast, respec-
tively (supplemental Fig. 3). No additive effects were apparent
upon simultaneous deletion of mscI and swrl, consistent with a
shared functional role at kinetochores.
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We had shown previously that
loss of msc1 function has little effect
on viability of cupI-1, which bears a
temperature-sensitive mutation in
the gene encoding the CENP-A his-
tone H3 variant found in eukaryotic
centromeres, although multicopy
expression of the mscI gene allows
cnpl-1 cells to grow at restrictive
temperature (2). Likewise, deletion
of swrl did not further compromise
the phenotype of the cnp -1 mutant
(supplemental Fig. 3). The disi
gene of fission yeast encodes a
microtubule-associated protein
that localizes to the kinetochore and
mediates the attachment of chro-
mosomes to the mitotic spindle
(35-37). Mutation of disl, ho-
mologs of which regulate microtu-
bule dynamics in Xenopus extracts
(XMAP215), mammalian cells
(TOG), and budding yeast (STU2) (38 —40), confers a cold-sen-
sitive phenotype, as chromosomes fail to disjoin (41). Interest-
ingly, deletion of msc1, swrl or both resulted in suppression of
the cold-sensitive lethality associated with disI-288 (Fig. 2).
These genetic interactions with the kinetochore mutants and
dis1 suggest that Swrl, like Mscl, may play a role in mediating
centromere structure or function.

Fission yeast centromeres are characterized by a central core
region that is flanked by regions of heterochromatin that confer
silencing on genes inserted within them. Evaluating the expres-
sion state of reporter genes in these regions is an indirect assay
of alterations in centromere structure (42). Consistent with the
similar phenotypes of swr1A and mscIA in genetic interactions
with kinetochore and centromere mutants, deletion of either
gene confers similar phenotypes in silencing assays using the
ura4™ reporter gene inserted at various locations within the
centromere of chromosome I. As shown in Fig. 34, deletion of
mscl or swrl resulted in increased expression of the ura4™
reporter gene inserted in the central core region (cntI), consis-
tent with observations reported by others (5). Extending this
analysis beyond the central core, we found that deletion of msc1
or swrl resulted in decreased expression of the ura4™ reporter
gene inserted either at imrl or otrl, indicating increased
repression in these regions. When the ura4™ gene was inserted
at the boundary of the heterochromatic otrI region, increased
repression was also apparent (Fig. 3B, site 3). However, no effect
resulting from loss of mscl or swrl was seen on expression of
ura4” when the reporter was inserted outside of the otr1 region
(Fig. 3B, site 1). Thus, although increased repression due to the
absence of msc1 or swrl is apparent in the already heterochro-
matic regions of imrl and otrl, increased repression does not
spread to euchromatic regions.

Histone H2A.Z Localizes to the Heterochromatic Outer
Repeats of the Fission Yeast Centromere—Using imaging meth-
ods, histone H2A.Z has been reported to be found discontinu-
ously interspersed with nucleosomes containing CENP-A in
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FIGURE 3. Swr1, like Msc1, affects chromatin structure at the centromere. Strains with ura4* genes
inserted at the locations indicated in the diagram were grown in YEA at 30 °C, and serial dilutions were
spotted on YEA plates, minimal media plates lacking uracil, and YEA plates with 5-fluoroorotic acid
(5-FOA), which is toxic to cells expressing the ura4™ gene. A, strains with reporters integrated in the
centromere of chromosome |. Upper panels, the ura4™ gene is integrated in the central core (cnt1) of the
centromere (NW1764, NW1586, and NW2643). Middle panels, the ura4™ gene is integrated at the imr1
region (NW1767, NW1584, and NW2644). Lower panels, the ura4™ gene is integrated in the heterochro-
matic otr1 region (NW1768, NW1585, and NW2645). B, reporter gene expression at the boundary and
outside of the centromere. Upper panels, ura4™ expression at the boundary of otr7 (site 3) was tested in
strains NW2648, NW2652, and NW2650. Lower panels, ura4™* expression outside of otr1 (site 1) was tested

in strains NW2647, NW2651, and NW2649.
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FIGURE 4. Histone H2A.Z localization to the otr1 region of centromere |
is dependent on Swr1 but not on Msc1. Cells with an integrated copy of
HA-tagged pht1 (NW1776) and HA-tagged pht1 with deletion of either
msc1 (NW1959) or swr1 (NW2048) were grown to mid-log phase and pro-
cessed as described under “Experimental Procedures” for chromatin
immunoprecipitation. Input and precipitated samples were probed with
primers for the cnt1, imr1, and otr1 regions of the centromere and for the
fbp1 gene.
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otr1R mammalian centromeres (32). Cen-
S tromeric localization of H2A.Z is
ofr consistent with a role for it in medi-

ating chromosome stability (43, 44).
Recent studies of H2A.Z localiza-
tion along fission yeast chromo-
somes on a genome-wide scale
describe the absence of H2A.Z from
fission yeast centromeres (4, 5), in
contrast to other reports of H2A.Z
localization to the centromere in fis-
sion yeast based on studies using
location-specific chromatin immu-
noprecipitation (6, 31). To assess
whether H2A.Z localizes to the cen-
tromere using HA-tagged H2A.Z,
which we know to be functional (see
“Experimental Procedures”), we
performed chromatin immunopre-
cipitations with antibody to the HA
tag using wild-type cells and cells
lacking Mscl or Swrl. As shown in
Fig. 4, we found that HA-tagged
H2A.Z localized to the heterochro-
matic outer repeat (otrl) region of
centromere I, although not to the
central core (cutl) or inner repeat
(imrl) regions. Association of
H2A.Z with the otrl region was
compromised in cells lacking swrl
(Fig. 4, right panel), although it
remained associated in cells lacking
mscl (left panel).

C-terminal PHDs of Mscl Are
Necessary and Sufficient for Associ-
ation with Swrl—To gain insight into the domains necessary
for interaction between Mscl and Swrl, we made use of trun-
cated alleles of Msc1 previously characterized for the ability to
coprecipitate histone deacetylase activity (1). As shown in Fig.
5A, these truncations had deletions of one or more of the con-
served domains of Mscl, including the PHDs and the JmjN and
JmjC domains. The truncated alleles were expressed from the
endogenous mscl promoter on a pSP1 plasmid (45), which has
the S. pombe ars1 sequence to allow replication. Such plasmids
are thought to be present at 5-10 copies/cell, consistent with
analysis of protein expression levels (supplemental Fig. 4). Plas-
mids were transformed into strains with deletions of mscl and
temperature-sensitive alleles of either mis6 or mis12. Transfor-
mation of an empty vector and a plasmid expressing wild-type
mscl served as negative and positive controls, respectively. As
shown in Fig. 5B, the wild-type mscl gene allowed the
mscl::kan® mis6-302 strain to grow at 30 °C, whereas the empty
vector allowed no growth at this temperature. A plasmid lack-
ing the C-terminal PHD3 domain (dell) allowed some growth,
but a plasmid lacking both the C-terminal PHD2 and PHD3
domains allowed no growth. Likewise, a plasmid expressing
only the N-terminal half of Mscl (del3) was nonfunctional in
this assay. In addition, deletion of the PHD1 and PHD3
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domains (del9) was nonfunctional. In contrast, a plasmid that
lacks the JmjN and JmjC domains as well as the N-terminal
PHD1 domain but that contains the C-terminal PHD2 and
PHD3 domains was largely functional in this assay. Similar
behaviors were observed using the same plasmids in the
mscl:kan® mis12-537 strain (Fig. 5B, right panels). Thus, it
would appear that the C-terminal PHD2 and PHD3 domains
are necessary and surprisingly sufficient to confer viability on
cells lacking Mscl that have compromised kinetochore func-
tion by virtue of mutations in mis6 and misi2.

We then tested which domains of Mscl are necessary for
association with Swrl. The truncation mutants described in
Fig. 5A were introduced into a strain with a deletion of mscI and
a FLAG-tagged allele of Swrl. The plasmid-expressed mutants
each contained an HA tag. Cells were grown to mid-log phase,
lysed, and subjected to immunoprecipitation with anti-FLAG
antibody. As shown in Fig. 5C, wild-type Mscl-HA co-immu-
noprecipitated with Swrl-FLAG. In contrast, the truncation
mutant del2, which lacked the C-terminal PHDs, did not copre-
cipitate with Swrl-FLAG (Fig. 5C, lane 6), although the del2
protein was efficiently expressed (lane 5). However, the del8
protein, which had the C-terminal PHDs but lacked the bulk of
the N-terminal half of the protein, did associate with Swrl-
FLAG (Fig. 5C, lane 8). These interactions (and lack thereof)
were confirmed by immunoprecipitation of Mscl with an
anti-HA antibody and probing of the precipitates with anti-
FLAG antibody to detect Swrl (data not shown). We conclude
that the C-terminal PHDs of Mscl are important for associa-
tion with Swrl and that the C terminus of the protein is suffi-
cient to confer this association. We speculate that the ability of
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msc1A mis12-537

FIGURE 5. C-terminal PHDs of Msc1 are important for function and for association with Swr1. A, shown is
schematic representation of the deletion mutants of Msc1 carried by the pSP1 plasmid. All constructs also had
a3XHAtagatthe Cterminus. B, the indicated plasmids were introduced into the msc1A mis6-302 (NW1703; left
panels) and msc1A mis12-537 (NW1617; right panels) strains and grown at 25 °C to mid-log phase. Serial dilu-
tions were spotted on YEA plates and incubated at the indicated temperatures for 3 days. C, a strain with an
integrated FLAG-tagged allele of swr1 and deletion of the mscT gene (NW2646) was transformed with the
indicated plasmids. Cells were grown to mid-log phase, lysed, and subjected to immunoprecipitation with
antibody to FLAG-tagged Swr1. Precipitates were separated by SDS-PAGE, transferred to nitrocellulose, and
incubated with antibodies to detect Swr1-FLAG (upper panel) and Msc1-HA (lower panel).

lowed by one histidine and three
additional cysteine residues that in
crystal structures coordinate a pair
of zincions (12). The function of the
Mscl PHDs as E3 ligases is compro-
mised by mutation of either the first
or seventh cysteine residue (13).
Furthermore, the E3 ligase activity
of the full-length Mscl protein is
compromised, although not abolished, by single point muta-
tions in any single PHD (13). We tested whether such mutants,
described schematically in Fig. 64, could sustain viability when
kinetochore function is compromised in the mscI::kan® double
mutants with either mis6-302 or mis12-537. As shown in Fig.
6B, although a point mutation in the first PHD had essentially
no effect on viability, mutation of the second PHD severely
compromised viability, particularly in the msc1:kan® mis6-302
strain. Similarly, mutation of the first and seventh cysteine res-
idues in each of the three PHDs compromised viability. A single
point mutation of the third PHD had an intermediate pheno-
type. We conclude that the second PHD, which resides in the C
terminus, is of particular functional importance for survival
when kinetochore function is compromised by mutation of
mis6 or misl2.

We then tested whether point mutations within the PHDs
affect the ability of Mscl to associate with Swrl. As shown in
Fig. 6C, single point mutations in PHD1 or in each of the C-ter-
minal PHDs, PHD2 and PHD3, did not affect the ability of Mscl
to associate with Swrl. Thus, although mutation of PHD2 does
not eliminate binding to Swrl, it does compromise the ability of
Mscl to confer survival in strains with compromised kineto-
chore function. On the basis of these results and those shown in
Fig. 5, we speculate that the C-terminal PHDs are important for
association of Mscl with Swrl and for mediating survival of
strains with compromised kinetochore function. Furthermore,
PHD2 must be intact for Mscl to function properly. Thus, the
association of Mscl with Swrl is critical but not sufficient for
kinetochore function. An activity that is disrupted by mutation
of Cys” in PHD2 is likewise important for function.
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treated as described for Fig. 5C.

DISCUSSION

The fission yeast Msc1 protein was first identified in an effort
to find new proteins that function to confer survival in response
to DNA damage when the DNA damage checkpoint is compro-
mised by mutation of the chkI gene (1). Subsequent studies
revealed that Mscl is important for maintaining genomic sta-
bility in cooperation with proteins that are important for cen-
tromere function, including Mis6 and Mis12 (2). Cells deficient
for Mscl exhibit alterations in histone modifications, specifi-
cally an elevated level of histone H3 acetylation (1) and H3
methylation (13). Msc1 has a domain structure similar to that of
mammalian RBP2 and PLU-1, all of which are members of the
Jarid1 family of proteins (46). The mammalian proteins of the
Jaridl family have demonstrable histone demethylase activity
targeted to H3K4 (25-28). In accord with these observations,
cells lacking Mscl exhibit an elevated level of H3K4 methyla-
tion if rip6 is also absent from the cell, which, on its own, results
in dramatically reduced levels of methylation both in fission
yeast (13) and in budding yeast (47, 48). Thus, loss of Mscl
function can restore histone methylation, consistent with the
possibility that it functions as a demethylase. However, upon
overexpression of Mscl, we did not detect a decrease in H3K4
methylation (data not shown). Furthermore, the JmjC domain
of Mscl does not possess the catalytic residues thought to be
critical for demethylase activity. Thus, it is equally plausible
that the absence of Msc1 restores methylation in an r/p6 dele-
tion strain by derepressing the activity of a histone methyltrans-
ferase, for example. Further studies will be needed to establish
the mechanism by which Msc1 impacts the methylation status
of histone H3.

Mscl is clearly a component of the Swrl complex in fission
yeast, as multiple groups have detected copurification of Mscl
with Swrl, and genetically, mutation of mscl or swrl behaves
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FIGURE 6. Mutation of PHD2 retains Swr1 binding but abolishes Msc1 function. A, shown is a schematic of
mutations in the PHDs of Msc1. B, the indicated plasmids were introduced into NW1703 and NW1617, and cells
were treated as described for Fig. 5B. C, the indicated plasmids were introduced into NW2646, and cells were

" oSP1  pmsc pg;—; 2‘1 p%’;gi’s Fig. 3) (7). Nonetheless, no ortholog

o o o o of Mscl is found in budding yeast

2 u_? 2 § 2 § 2 § despite the conservation of the Swrl

= = » - complex in this organism. Perhaps
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’- J-- - - ..‘ YT the function of the Swrl complex

<Viscins  ©volved differently in the two yeasts

P ‘ 3- ? ’ -6 .7 ;s: such that fission yeast incorporated

arequirement for the Mscl protein.
Whether or not the Mscl domain
structure homologs RBP2 and
PLU-1 are components of the mam-
malian Swrl complex remains to be
determined. The Swrl complex has
been demonstrated to incorporate
the histone H2A variant H2A.Z into
specific regions of chromosomes,
namely the 5'-end of transcribed
and non-transcribed genes (9). On
the basis of studies in budding yeast,
several investigators have postu-
lated that H2A.Z may function as a
switch to allow or repress trans-
cription (30, 49, 50). Two recent
genome-wide studies in fission
yeast are consistent with the localization of histone H2A.Z to
the promoter regions of transcribed genes (3, 5). Both of these
reports suggest that localization of H2A.Z to the promoter
region of genes is dependent on mscl and swrl (3, 5). Another
report suggests similar localization of H2A.Z genome-wide and
indicates that Swrl is required for localization, whereas Mscl
plays a lesser role (4).

Several results support a role for Mscl and Swrl in centro-
mere structure and/or function. Genetically, the absence of
mscl (2) or swrl (supplemental Fig. 3) compromises survival of
mis6 and misl12 mutants. Whether or not Mscl or Swr1 affects
the localization of CENP-A to centromeric regions remains
controversial. In our hands, CENP-A localization to the central
core was reduced in cells lacking msci, consistent with two
observations: multicopy expression of mscl very effectively
restores viability to a strain with a temperature-sensitive
mutant of cnpl-1, and the absence of mscl compromises sur-
vival of cells with a temperature-sensitive allele of the CENP-A
loader, Mis6 (2). In contrast, two recent reports (5, 6) do not
indicate that Mscl is required for localization of CENP-A to the
central core. Different antibodies were used for the chromatin
immunoprecipitation experiments, and there are some differ-
ences in the auxotrophic markers in the strains. Nonetheless,
there is no clear explanation for the discrepancy in these results.

Several groups recently reported the localization of histone
H2A.Z in fission yeast, with rather variable results. In our
hands, we readily detected histone H2A.Z at the heterochro-
matic outer repeats of the centromere (Fig. 4), consistent, at
least in part, with two reports (6, 31) but in contradiction to two
others (4, 5). Why such disparate results have been generated is
unclear. We have tested the tagged versions of the phtl gene
used by these different groups, and all are capable of function as
determined by the ability to support growth at 30 °C of a mis6-
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302 strain (although a phtIA strain is viable, a pht1A mis6-302
strain is inviable at 30 °C). Localization of H2A.Z to the region
of otrl detected in our experiments is dependent on Swrl but
independent of Mscl. In this regard, cells lacking msc1 or swrl
behave differently, yet genetically, the absence of either one
similarly affects centromere silencing and compromises viabil-
ity of kinetochore mutants. Thus, unlike Swr1 itself, the mech-
anism by which Mscl influences these behaviors may not rely
on histone H2A.Z localization per se. Perhaps there are impor-
tant dynamic modifications to H2A.Z or other histones that are
affected by the absence of Mscl.

We previously showed that the PHDs of Msc1 are capable of
acting as E3 ubiquitin protein ligases that can facilitate the
transfer of ubiquitin to an in vitro substrate (13). Mutations of
cysteine residues within these domains compromise that abil-
ity. In the present study, we found that the C-terminal PHDs are
important for association of Msc1 with Swr1, although cysteine
mutations within those domains do not compromise the ability
of Mscl to associate with Swrl. Nonetheless, mutation of
PHD2, in particular, eliminates the ability of Msc1 to promote
survival of cells temperature-sensitive for mis6 or mis12. Thus,
we postulate that association of Mscl with Swrl is important
but not sufficient for centromere function; the ability of Mscl
to act as an E3 ligase may be required for the Msc1-Swr1 inter-
action to be productive in supporting centromere function. The
target of the E3 ligase activity of Mscl necessary to confer cen-
tromere function and chromosome stability is as yet unknown.
Because PHDs of some proteins have been shown to bind to
methylated lysine residues within the N-terminal tails of his-
tone H3 or H4 (11, 19-22), it is possible that such an activity of
PHD2 may be important for its function. Although we were
unable to detect histone binding to a fusion protein with iso-
lated PHD2 when incubated with calf thymus histones, we can-
not rule out that it interacts with methylated lysine residues in
the context of the whole protein. To our knowledge, there are
no reports of cysteine residue mutations within PHDs that
affect their binding to methyllysine residues, although it is not
inconceivable that such mutations could affect binding. Further
studies will need to address this and other possibilities to estab-
lish the precise mechanism by which Msc1 influences the activ-
ity of Swrl and affects chromosome stability.
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