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The incorporation of histone variant H2A.Z into nucleo-
somes plays essential roles in regulating chromatin structure
and gene expression. A multisubunit complex containing chro-
matin remodeling protein Swr1 is responsible for the deposition
of H2A.Z in budding yeast and mammals. Here, we show that the
JmjC domain protein Mscl is a novel component of the fission
yeast Swrl complex and is required for Swr1-mediated incorpo-
ration of H2A.Z into nucleosomes at gene promoters. Loss of
Mscl, Swrl, or H2A.Z results in loss of silencing at centromeres
and defective chromosome segregation, although centromeric
levels of CENP-A, a centromere-specific histone H3 variant that
is required for setting up the chromatin structure at centro-
meres, remain unchanged. Intriguingly, H2A.Z is required for
the expression of another centromere protein, CENP-C, and
overexpression of CENP-C rescues centromere silencing defects
associated with H2A.Z loss. These results demonstrate the
importance of H2A.Z and CENP-C in maintaining a silenced
chromatin state at centromeres.

Centromeres are specialized regions of eukaryotic chro-
mosomes that direct the assembly of kinetochores and are
essential for the equal segregation of chromosomes during
mitosis and meiosis (1-3). Despite significant differences in size
and sequence composition, general features of centromeres are
highly conserved, such as the enrichment of centromere-spe-
cific proteins and the existence of pericentric heterochromatin
structures. However, with the exception of Saccharomyces cer-
evisiae, whose sites of centromere formation are determined by
a short stretch of DNA, most eukaryotes establish and propa-
gate active centromeres through chromatin-based epigenetic
mechanisms, which are independent of DNA sequences (1-3).

As genomic DNA is folded with histone proteins in the form
of chromatin, epigenetic mechanisms that regulate the genome
include covalent modifications of histones and DNA, chroma-
tin remodeling, and exchange of histone variants (4). The cen-
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tromere differs fundamentally from the remainder of the
genome due to its enrichment for a variant form of histone H3,
CENP-A (also known as CID in Drosophila, Cse4 in budding
yeast, and Cnpl in fission yeast) (1-3). CENP-A serves as the
foundation for the assembly of other kinetochore proteins and
is essential for chromosome segregation in diverse organisms.
Biochemical analysis has demonstrated that CENP-A-contain-
ing nucleosomes are more compact and assume a more rigid
conformation than those containing histone H3, which might
create a specialized chromatin environment at centromeres (5,
6). Consistent with this, centromere chromatin in fission yeast
compacts differently from the remainder of the genome (7, 8),
and reporter genes inserted within the centromeres are usually
silenced (9). Several proteins that are required for chromosome
segregation, including CENP-A“"P!, were identified in genetic
screens for mutations that affect centromere silencing (10).
However, whether the formation of CENP-A“"P! chromatin
directly contributes to centromere silencing is not known.

From fission yeast to mammals, centromere regions are usu-
ally surrounded by repetitive DNA elements that form hetero-
chromatin structures (1, 2). The formation of heterochromatin
requires the concerted actions of a diverse array of enzymatic
activities that lead to the methylation of histone H3 at lysine 9
(H3K9me) and the recruitment of heterochromatin proteins
such as HP1/Swi6 to ensure transcriptional silencing across the
entire heterochromatin domain (11). Pericentric heterochro-
matin also contributes to the fidelity of chromosome segrega-
tion as it recruits cohesin proteins, which are required for
proper chromosome cohesion (12, 13).

Recent studies in fission yeast demonstrate that a JmjC
domain-containing protein, Mscl, is required for normal chro-
mosome segregation and that overexpression of Mscl rescues
the lethality associated with a CENP-A“” mutation (14). Mscl
also regulates the dynamics of pericentric heterochromatin, but
whether this contributes to the regulation of centromere
domain and chromosome segregation is not known (15). Mscl
shares strong sequence homology with the JARID1 family of
proteins (16 —18), which all use the JmjC domain to demethyl-
ate histones that are methylated at H3 lysine 4 (19-27). How-
ever, the JmjC domain of Msc1 lacks critical residues for catal-
ysis (17), suggesting that Msc1 might function independently of
histone demethylation. Interestingly, Mscl overexpression
suppresses a CENP-A“#? mutation only in the presence of the
H2A variant H2A.Z"™™! (14). Whole genome genetic interac-
tion analysis indicates that Mscl functions together with the
Swrl complex (28), a multisubunit complex that catalyzes the
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incorporation of H2A.Z into chromatin in both budding yeast
and mammals (29 -32).

Using biochemical purification, we found that Mscl is an
integral component of the fission yeast Swrl complex, as has
been shown recently (33, 34). Chromatin immunoprecipitation
(ChIP)? coupled with DNA microarray (ChIP-chip) analysis
demonstrated that both Mscl and Swrl are required for
H2A.Z"™ incorporation into chromatin, which shows a pref-
erence for gene promoters. Although H2A.Z"™" is not enriched
at centromeres, loss of H2A.Z"™, as well as Mscl and Swrl,
results in loss of silencing at centromeres and defects in chro-
mosome segregation. Interestingly, CENP-A“?’ levels at cen-
tromeres are normal in the absence of H2A.Z"™", suggesting
that CENP-A“"?" is not sufficient to impose silencing at centro-
mere regions. Instead, H2A.Z™™" regulates the expression of
CENP-C"P3, a centromere protein required for centromere
silencing. These results demonstrate that H2A.Z"™ maintains
the silenced chromatin state that is critical for the fidelity of
chromosome segregation.

EXPERIMENTAL PROCEDURES

Fission Yeast Strains—Mscl-FLAG, Swr1-FLAG, Swrl-Myc,
Pht1-Myc, Cnpl-FLAG, Cnpl-GFP, Cnp3-Myc, swriA, phtIA,
and cnp3A strains were constructed using a PCR-based module
method (35). Mscl mutants were generated by first inserting a
ura4™ gene in the coding region of mscl™ and subsequent
replacement with mutated DNA sequences. Genetic crosses
were used to construct all other strains. For serial dilution plat-
ing assays, 10-fold dilutions of a log-phase culture were plated
on the indicated medium and grown for 3 days at 30 °C.

Chromosome Segregation Assay—Assaying the rate of chro-
mosome loss was performed as described previously (36). The
minichromosome Chl6 contains an ade6-M216 allele that
complements an ade6-M210 allele at its normal chromosome
location. Cells from Ade™ colonies were plated on adenine-
limiting medium and incubated at 30 °C for 4 days. If chromo-
some loss occurs in the first division, half of the resultant colony
carrying Ch16 will be white, whereas the half without Ch16 will
be red. The number of half-sectored red/white colonies was
determined, and the rate of chromosome loss per cell division
was calculated by dividing the number of half-sectored colonies
by the total number of white colonies plus half-sectored
colonies.

Protein Purification and Mass Spectrometry Analysis—Affin-
ity purification of Msc1-FLAG and Swr1-FLAG complexes and
MudPIT mass spectrometry analysis were performed as
described previously (37).

Western Blots and Antibodies—Protein extracts were pre-
pared by lysis of cells with glass beads, followed by sonication to
dissolve chromatin (37). The following antibodies were used for
Western blot analyses: FLAG (Sigma, F7425 and F3165) and
Myc (Covance, MMP-150).

Chromatin Immunoprecipitation—ChIP analysis was per-
formed as described previously (36). Immunoprecipitation was

3 The abbreviations used are: ChIP, chromatin immunoprecipitation; GFP,
green fluorescent protein; WCE, whole cell extract; reverse transcription;
PHD, plant homeodomain.
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performed with Myc or FLAG antibodies. ChIP-chip analysis
was performed according to the “Agilent Yeast ChIP-on-chip
Analysis” protocol. Blunt-end DNA was generated from immu-
noprecipitated chromatin fractions (ChIP) or from whole cell
extract (WCE) with T4 DNA polymerase and then ligated to a
linker. ChIP and WCE DNAs were amplified from the blunt-
end DNA samples with primers annealing to the linker and
were labeled with Cy5- or Cy3-dUTP, respectively, by random
priming PCR (Invitrogen comparative genomic hybridization
kit). 2.5-5 ug of Cy5-labeled ChIP DNA and corresponding
Cy3-labeled WCE DNA were hybridized to an Agilent Schizos-
accharomyces pombe whole genome ChIP-on-chip microarray
(G4810A). The slides were washed and processed in accord-
ance with Agilent protocols and scanned with an Agilent scan-
ner. Data were collected with the Agilent Feature Extraction
program. The enrichment value for each probe was calculated
by dividing normalized ChIP signal by WCE signal.

For PCR-based quantification, DNA isolated from ChIP or
WCE was quantitatively analyzed by competitive PCR in which
one primer pair amplifies a region of interest, whereas the other
primer pair amplifies control fbpI (located in euchromatin) or
cox3 (located in the mitochondrial genome). The ratios of
intensities of the region of interest to control signals in the ChIP
and WCE lanes were used to calculate the relative -fold enrich-
ment. Values <1 indicate no enrichment. Quantitative real-
time PCR was performed with Maxima SYBR Green qPCR
Master Mix (Fermentas) in an ABI 7300 real-time PCR system.
DNA serial dilutions were used as templates to generate a
standard curve of amplification for each pair of primers, and
the relative concentration of target sequence was calculated
accordingly. A cox3 fragment was used as a reference to cal-
culate the enrichment of ChIP over WCE for each target
sequence.

RNA Extraction and Reverse Transcription (RT)-PCR—Total
cellular RNA was isolated from log-phase cells using a Master-
Pure yeast RNA purification kit (EPICENTRE Biotechnologies)
according to the manufacturer’s protocol. Quantitative RT-
PCR was performed with 250 ng of RNA as a template with the
OneStep RT-PCR kit (Qiagen). Reactions in which the RT step
was omitted were performed in parallel. Quantification with
real-time RT-PCR was performed with Power SYBR Green
RNA-to-C. 1-Step kit (Applied Biosystems). RNA serial dilu-
tions were used as templates to generate the standard curve of
amplification for each pair of primers, and the relative concen-
tration of target sequence was calculated accordingly. An actl
fragment served as a reference to normalize the concentration
of samples. The concentration of each target gene in the wild
type was arbitrarily set to 1 and served as a reference for other
samples.

RESULTS

Mscl Associates with the Swrl Complex—Mscl has been
shown to be required for proper chromosome segregation (14).
To further understand the mechanism that regulates Mscl
function, we generated a yeast strain expressing Mscl fused
with a 3XFLAG epitope (Mscl-FLAG) at the endogenous
mscl™ locus. Transcription of the modified gene is driven by its
natural promoter from the endogenous chromatin environ-
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A T 20 D ment to ensure wild-type expres-
- Msc1-Flag#1| Msc1-Flag#2| scSwr1-C sion levels. The fusion protein is
PRER Msc1| 277,79.5%| 413, 88.2% functional, as no defect in the segre-
- 0 Swr1| 135,69.6%| 234,77.3% | Swr1 gation of a nonessential minichro-
g Rvb1| 76,77.4% | 120,87.1% | Rvb1 mosome was observed (Fig. 1A4).
5 5 - Rvb2| 68,76.8% | 135,88.6% | Rvb2 Expression of Mscl was confirmed
2 Actl | 41,62.4% | 61,78.7% | Act1 by Western blot analysis with a anti-
= Wi mscls Msot-Flag Alp5 | 54,84.8% | 66,84.8% | Arp4 FLAG antibody (Fig. 1B). Immu-

Arp6 | 37,59.9% | 58,64.3% | Arp6 noaffinity-purified Mscl complex

B c Swc2| 23,40.2% | 35,49.1% Swc2 contains a number of proteins in
2504 250 Swc3| 58,70.6% | 101,81.6% | Swc3 add}tion to Mscl (Fig. 1C) and was
150 150:—__- :\gﬂ;ﬂ Swc4| 47,72.0% | 63,62.3% | Swc4 subjected to MudPIT mass spec-
1004 Swcb| 17,55.4% | 23,64.0% | Swcé trometry analysis (38). Among the
e 100 Yafo | 16,65.9% | 22,75.1% | Yafo proteins identified were Swrl, Rvb1,

& Pht1 | 10,39.8% | 16,40.9% | Htz1 Rvb2, Actl, Alp5, Arp6, Swe2, Swes,

50- - H2A | 7,466% | 4 21.4% H2A Swc4, Swc6, Yaf9, and H2A. 2P,
504 &+ H2B | 8,41.3% 8. 41.3% H2B as well as core histones (Fig. 1D).

37- 371 H3 | 3,23.5% H3 Interestingly, their budding yeast
H4 12,48.5% | 7,44.7% H4 homologs all belong to the Swrl

gg %g Bdf1 3. 6.4% Bdf1 complex that catalyzes the ex-
— Swcb change of H2A.Z"*! with H2A. The

o-Flag Western Silver stain Swc7 budding yeast Swrl complex also
contains three additional subunits,

E Bdfl, Swc5, and Swc7 (29-31).

Input a-Flag IP 670 118 44 17
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Swri-myc + + + +
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However, we did not detect any
Swc5 or Swc7 homologs in either of
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two independent purifications of
| Mscl and only low levels of Bdf1 in

Msc1-Flag - + - + Fraction#
ey [emen][ o) wme [ e
I

| one purification (Fig. 1D).

FIGURE 1. Msc1 is an integral component of the fission yeast Swr1 complex. A, Msc1-FLAG s functional. The loss
rates of a nonessential chromosome (Ch16) in the indicated strains were measured. wt, wild type. B, cell extract
prepared from an Msc1-FLAG strain was immunoprecipitated with anti-FLAG resin and subjected to Western blot
analysis with anti-FLAG antibody. C, cell extract prepared from an Msc1-FLAG strain was used to perform affinity
purification with anti-FLAG resin, resolved by SDS-PAGE, and silver-stained. D, shown are the results from MudPIT
mass spectrometry analysis of proteins associated with Msc1-FLAG. The numbers of peptides, as well as the per-
centages of each protein these peptides cover, are indicated. The corresponding proteins of the S. cerevisiae Swr1
complex were also shown for comparison. E, protein extracts prepared from the indicated strains were immunopre-
cipitated (IP) with anti-FLAG resin and analyzed by Western blot analysis with anti-FLAG and anti-Myc antibodies.
F, an affinity-purified complex containing Msc1-FLAG and Swr1-Myc was subjected gel filtration analysis with a
Superose 6 column. Fractions were trichloroacetic acid-precipitated and subjected to Western blot analysis with
anti-FLAG and anti-Myc antibodies. The elution volumes of protein standards (in kilodaltons) are also indicated.

A B Swr1-Flag c msc1* msci1A
_ Msc1 | 374, 81.9%
msc1* msc1A Swri | 263,74.8% | 318,78.9%
— Rvb1 | 137,85.5% | 178,92.8%
Rvb2 | 116,79.8% | 166, 91.0%
25088 2501 88 L Msct  Actl | 73,744% | 60,704%
1504 150 I \Swr1 Alp5 | 90, 88.9% 70, 85.9%
1004 1004 Ap6 | 69,69.3% | 89,76.1%
75 Swc2 | 47,59.8% | 49,71.2%
75 Swe3 | 96,77.7% | 109, 88.5%
- | Swcé | 78,70.1% | 46,62.5%
504 50/ = Swcé | 23,60.1% | 31,76.3%
37 Yaf9 | 40,84.8% | 16,69.6%
I 374 Pht1 | 14,39.8% | 9,39.2%
H2A | 5,24.4% 2,11.5%
25 25/ H2B | 11,484% | 7,452%
204 20/ H3 | 4,287%
H4 | 8,51.5% 7,44.7%

a-Flag western Silver stain

FIGURE 2. Msc1 is not required for the integrity of the Swr1 complex. A, cell
extract prepared from an Swr1-FLAG strain was immunoprecipitated with anti-
FLAG resin and subjected to Western blot analysis with anti-FLAG antibody.
B, extracts prepared from Swr1-FLAG strains in the presence or absence of Msc1
were used to perform affinity purification with anti-FLAG resin, resolved by SDS-
PAGE, and silver-stained. C, shown are the results from mass spectrometry anal-
ysis of proteins associated with Swr1-FLAG. The numbers of peptides, as well as
the percentages of each protein these peptides cover, are indicated.
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To confirm that Mscl associates
with the fission yeast Swrl complex,
we generated a yeast strain that
expresses both Mscl-FLAG and
Swrl-Myc at their native chromo-
somal loci. We found that Mscl-
FLAG co-immunoprecipitated with
Swrl-Myc (Fig. 1E), and gel filtra-
tion analysis of the purified complex
showed that Msc1-FLAG and Swrl-
Myc migrated in the same fraction
(Fig. 1F). We caution that the molecular mass of the complex is
very high, and the complex fractionates in a position very close
to the resolution limit of the column. To further confirm that
Mscl is part of the Swrl complex, we also generated a FLAG-
tagged version of Swrl at its endogenous chromosomal loca-
tion (Fig. 24). Silver staining of the purified Swrl complex indi-
cated that the components are similar to those of the Mscl
complex (Fig. 2B), which is corroborated by MudPIT analysis
(Fig. 2C). These results demonstrate that Mscl is an integral
component of the Swrl complex. Furthermore, Mscl is not
required for Swrl complex assembly, as the Swrl complex puri-
fied from an mscIA background shows the selective loss of
Mscl, but not any other component of the Swrl complex (Fig.
2, Band Q).

Mscl and Swrl Are Required for H2A.Z""" Incorporation at
Gene Promoters—To examine whether Mscl and Swrl are
required for H2A.Z""" incorporation iz vivo, we performed
ChIP of a Myc-tagged version of H2A.Z"""! and examined its
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FIGURE 3. Msc1 and Swr1 are required for H2A.Z""*" incorporation into chromatin. 4, scatter plots of Pht1-Myc ChIP-chip analysis. Log values of Pht1 ChIP
and WCE signals for each probe were plotted against each other. wt, wild type. B, H2A.Z""" is enriched at gene promoters. The 42,708 probes are divided into
three categories: open reading frame (ORF; coding region), promoter (within 500 bp upstream of the coding region), and intergenic (noncoding regions that
do not belong to the promoter category). Pht1-enriched represents the top 5% (2,134) of probes that are enriched for Pht1, all of which have enrichment values
of >3-fold. C, H2A.Z""" is enriched at gene promoters. Left panel, example of H2A.Z""" ChIP-chip analysis across a 10-kb region that includes vid21*. Gene
coding regions are indicated on top, and the positions of PCR fragments used in the calculation are shown as short bars. Middle panel, quantification
of H2A.Z"™" enrichment at vid21" by real-time PCR. Right panels, quantification of H2A.Z""" enrichment at the vid21" promoter by competitive PCR. -Fold
enrichment is shown below each lane. D, Msc1 is required for targeting of Swr1 to the vid21" promoter. Quantification by both real-time PCR and competitive
PCR is shown. E, Msc1 does not affect Swr1 protein levels. Cell extracts prepared from the indicated strains were subjected to Western blot analysis with
anti-Myc antibody.

genome-wide occupancy using an Agilent whole genome nisms, suggesting that this is a highly conserved feature of
ChIP-on-chip microarray. H2A.Z"™™" is not uniformly dis- H2A.Z distribution (39 —47).

tributed across the genome, as indicated by scatter plot anal- The loss of either Swrl or Mscl resulted in the loss of
ysis (Fig. 3A), but is instead preferentially enriched at gene H2A.Z"™! across the genome as well as at specific genes
promoters (Fig. 3B). To confirm this observation, we ran- tested (Fig. 3, A and C, and supplemental Fig. S1), demon-
domly picked several genes that showed both high-level strating that the fission yeast Swrl complex indeed catalyzes
enrichment of H2A.Z"""" in ChIP-chip analysis and are lon-  the exchange of H2A.Z"™! with H2A in vivo. Moreover, the
ger than 1.5 kb so that we could easily distinguish between loss of Mscl resulted in delocalization of Swrl-Myc from the
promoter and coding regions. ChIP followed by quantifica- promoter of vid21™, indicating that Msc1 regulates the asso-
tion with PCR-based analyses showed that H2A.Z"""! indeed  ciation of Swrl with chromatin (Fig. 3D). Meanwhile, loss of
preferentially localizes to gene promoters as compared with  Mscl had no effect on the stability of Swrl as indicated by
coding regions (Fig. 3C and supplemental Fig. S1). This pat- Western blot analysis (Fig. 3E). Taken together, these results
tern is similar to the distribution of H2A.Z in diverse orga- demonstrate that Mscl is an essential component of the
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FOA
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FIGURE 4. Msc1, Swr1, and H2A.Z""*" are required for proper chromosome segregation. A, Msc1 and Swr1
are required for the maintenance of a nonessential minichromosome. wt, wild type. B, shown is a diagram of
the fission yeast centromere 1. The insertion site of the cnt7::ura4™ reporter gene is indicated. C, serial dilution
plating analysis of the indicated strains were performed to measure the expression of ura4". FOA, 5-fluoro-
orotic acid; N/S, non-selective medium. D, RT-PCR analyses were performed to measure the RNA levels of ura4™
and act1™. —RT indicates the reverse transcription step was omitted. E, ChIP analysis was performed to mea-
sure the levels of Cnp1-FLAG at centromere regions. -Fold enrichment is shown below each lane. F, shown are
the results from live cell imaging analysis of the indicated yeast strains expressing Cnp1-GFP.

Swrl complex that is required for targeting the complex to
correct genomic locations.

Both Mscl and Swrl Are Required for Proper Chromosome
Segregation—Because deletion of mscl™ or phtl™ results in
chromosome segregation defects (14, 48), we investigated the
role of the Mscl-Swrl complex in regulating proper segrega-
tion of chromosomes during mitosis. Similar to mscIA cells,
swrlA cells also showed elevated rates of chromosome loss (Fig.
4A). Consistent with the idea that Mscl and Swrl function in
the same pathway genetically, an mscIA swrlA double mutant
showed a rate of minichromosome loss similar to that of each
single mutant (Fig. 44). The phtIA mutant showed an even
higher rate of chromosome loss, and the minichromosome was
quickly lost from cell populations in the absence of selection
pressure (Fig. 44 and data not shown) (48). This difference
might be attributed to the existence of histone chaperones that
mediate random incorporation of H2A.Z and compensate to
some extent for the loss of Msc1 or Swrl (49, 50).

Mscl and Swrl Are Required for Centromere Silencing—Cen-
tromeres form a unique chromatin environment due to the

JANUARY 15, 2010+VOLUME 285+-NUMBER 3

mutant also alleviated silencing to
a degree similar to each single
mutant, further corroborating that
Mscl and Swrl function in the
same pathway (Fig. 4C). The slow
growth rate of pht1A cells makes it
difficult to interpret the silencing
assay; however, RT-PCR analysis
showed increased transcription of
cntl:ura4™ in phtlA as well as
msclA and swriA cells, indicative of
loss of silencing (Fig. 4D).

As pericentric heterochromatin
is also required for chromosome
segregation by regulating cohesin
recruitment (12, 13), we examined
the effect of the Swrl complex on
silencing of reporter genes inserted
at pericentric heterochromatin of
chromosome I (otrl:ura4® and
imrl:ura4™) (supplemental Fig. S2A). Both mscIA and swriA
showed better silencing at otrl:ura4™ than wild-type cells and
little effect on silencing at imr1:ura4™’ (supplemental Fig. S2B)
(15). In contrast, loss of Clr4, which is a histone H3K9 methyl-
transferase essential for the integrity of pericentric heterochro-
matin, resulted in complete loss of silencing at both otr1::ura4™
and imrl:ura4™ (supplemental Fig. S2B). Thus, it seems that
the effect of the Msc1-Swrl complex on chromosome segrega-
tion is exerted through effects on centromere chromatin struc-
ture, but not the surrounding pericentric heterochromatin.

H2A.Z""!  Regulates CENP-C“"?® Expression—Although
Mscl has been previously reported to be required for CENP-
ACS"PL incorporation at centromeres (14), we found that the
localization of Cnp1-FLAG at centromeres (both cnt and imr)
was not affected by mscIA, swriA, or pht1A (Fig. 4E). In addi-
tion, live cell imaging of cells expressing Cnp1-GFP indicated
that Cnp1 levels and localization were intact in mscIA, swriA,
and phtIA cells as well (Fig. 4F). The reason for this discrepancy
is not clear, but our results suggest that centromere proteins
other than CENP-A“"P! enforce silencing at centromeres.
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FIGURE 5. H2A.Z""*! regulates CENP-C“"P2 expression. A, ChIP-chip analysis of H2A.Z"""" enrichment at the centromere of chromosome 2 (cnt2) and a 10-kb
region that includes cnp3™. wt, wild type. B, ChIP analysis of H2A.Z"""" at centromeres (cnt) and the cnp3 promoter. C, RT-PCR analysis of Cnp3 mRNA levels.
D, CENP-C“"P3 is required for silencing at centromeres. RT-PCR analysis were performed to measure the expression of cnt:ura4™.

Our ChIP-chip analysis showed no enrichment of H2A.Z""*

at any centromere positions (Fig. 54), which was confirmed by
quantification with PCR-based analysis (Fig. 5B). This suggests
that the effect of Msc1-Swrl on centromere silencing might be
an indirect effect of H2A.Z"™" on gene expression. Previous
expression microarray analysis indicated that there are few
genes whose expression levels change significantly in both
phtlA and swrlA (34, 51). Among them, only Cnp3 has been
implicated in centromere function (51). Cnp3 is a centromere
protein homologous to mammalian CENP-C and is required
for chromosome segregation (52—-54). Our ChIP-chip results
showed that H2A.Z"™™" is enriched at the promoter region of
CENP-C"P?, which was confirmed by PCR-based quantifica-
tion (Fig. 5, A and B). Confirming previous microarray analysis,
we found that CENP-C“"P®> mRNA levels were reduced in
phtIA cells (Fig. 5C). These results suggest that H2A.Z""!
directly regulates the expression of CENP-C<"P*, which might
explain the centromere silencing defects in phtIA cells. Con-
sistent with this idea, cnp3A cells were defective in silencing of
cntl:ura4”, and overexpression of CENP-C<"P? rescued cen-
tromere silencing defects of phtIA cells (Fig. 5D). CENP-C<"P3
overexpression resulted in severe growth defects, preventing us
from analyzing its effects on minichromosome maintenance in
phtIA cells (data not shown). Nonetheless, these results dem-
onstrate that H2A.Z regulates the expression of CENP-C<"P? to
establish a silenced chromatin environment at centromeres,
although we caution that it is possible that H2A.Z""! could also
regulate other centromere proteins whose functions contribute
to chromosome segregation.
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Plant Homeodomains (PHDs) Are Required for Mscl Func-
tion—Mscl belongs to the JARID1 family of histone de-
methylases, which use the JmjC domain to specifically de-
methylate histone H3K4 (19-27). Whether Msc1 functions as
a histone demethylase is unknown, but it seems to lack some
residues critical for catalysis (17). Mscl also contains three
plant homeodomains (PHD1-3) that have ubiquitin ligase
activity, although the substrates are yet unknown (55). PHDs
in other proteins have also been demonstrated to bind meth-
ylated histones (56 —59). In addition, Msc1 also contains a
JmjN domain, which usually associates with JmjC, as well as
a zinc finger and a PLU1 domain of unknown function (Fig.
6A). To test whether these domains are required for Mscl
function, we systematically deleted each domain and exam-
ined the effect on chromosome segregation and centromere
silencing. We found that loss of PHD2 and PHD3 resulted in
elevated rates of chromosome loss and defects in centromere
silencing, indicating that the E3 ubiquitin ligase activity or
ability to bind methylated histones might be essential for
Mscl function (Fig. 6, D and E). Deletion of either JmjC or
JmjN severely affected Mscl stability (Fig. 6C). To circum-
vent this problem, we generated point mutations of several
highly conserved residues in the JmjC domain, including one
residue that is critical for histone demethylase activity (Fig.
6B) (17, 60). However, none of these mutations had any
effect on chromosome segregation or centromere silencing,
indicating that Mscl might not exert its effect through his-
tone demethylation.
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FIGURE 6. PHDs are required for Msc1 function. A, shown is the domain architecture of Msc1. Zf, zinc finger. B, shown is sequence alignment of the JmjC
domains of the JARID1 family proteins. Arrows indicate amino acid residues mutated in Msc1. Asterisks represent residues that are essential for histone
demethylase activity (17, 60). sp, S. pombe; hs, Homo sapiens; dm, Drosophila melanogaster. C, cell extracts prepared from the indicated strains were subjected
to Western blot analysis with anti-Myc antibody. Ponceau S staining of part of the membrane is shown below as a control for loading. wt, wild type. D, shown
is the maintenance of a nonessential minichromosome in Msc1 mutants. E, serial dilution plating analysis of the indicated strains was performed to measure the
expression of cnt1:ura4™. FOA, 5-fluoroorotic acid; N/S, non-selective medium.

DISCUSSION

Centromeres are essential for the segregation of chromo-
somes during mitosis and meiosis, ensuring the faithful inher-
itance of genetic material. In this study, we characterized the
function of the JmjC domain protein Mscl in fission yeast,
which is required for proper chromosome segregation (14). We
found that Mscl1 is an integral component of the Swrl complex
and that both Mscl and Swrl are required for the preferential
incorporation of H2A.Z"™ at gene promoters. Furthermore,
loss of H2A.Z"""! results in defects in centromere silencing and
chromosome segregation without affecting CENP-A“"P! levels
at centromeres. Instead, H2A.Z"™" is required for the expres-

JANUARY 15, 2010+VOLUME 285+-NUMBER 3

sion of CENP-C“"P3, a centromere protein required for main-
taining centromere silencing.

The Swrl complex was originally characterized in S. cerevi-
siae, and it is required for the incorporation of H2A.Z"**! both
in vitro and in vivo (29 -31). With the exception of Mscl, the
Swrl complex of fission yeast is very similar to that of S. cerevi-
siae in composition (Figs. 1C and 2C) (33, 34). Mscl does not
seem to have a homolog in budding yeast, but it is essential for
the localization of Swrl to chromatin and H2A.Z"™! incorpo-
ration at gene promoters (Fig. 3). Given the similar enrichment
of H2A.Z at gene promoters in both organisms (Fig. 3) (34,
39 -43), it is surprising that Msc1 is required for the function of
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the fission yeast Swrl complex, as the budding yeast Swrl com-
plex could function without an Msc1 homolog.

One possibility is that Mscl could replace the function of
S. cerevisiae-specific subunits of the Swrl complex, such as
Bdfl1, Swc5, and Swc7. Budding yeast Bdf1 contains two bromo-
domains that bind to acetylated histones (61, 62) and regulates
H2A.Z™**! chromatin incorporation (41, 42), but whether fis-
sion yeast Bdf1 is required for H2A.Z incorporation has not
been characterized. Budding yeast Swc5 is essential for Swrl-
mediated histone H2A.Z exchange in vitro (63). The fission
yeast genome contains a homolog of Swc5, and genome-wide
genetic interaction analysis suggests that it is involved in Swrl
function as well (28). Although a separate study indicated that
both Swc5 and Bdf1 are part of the fission yeast Swrl complex
(33), we detected only low levels of Bdf1 in some of our purifi-
cations and did not detect any Swc5 peptides. This discrepancy
is possibly due to more stringent conditions used in our purifi-
cations and indicates that Bdfl and Swc5 transiently interact
with the Swrl complex. Swc7 is a protein of unknown function,
and no homolog of Swc7 is found in fission yeast. Although it is
not required for Swrl activity in vitro (64), whether it is
required for H2A.Z"*! incorporation ix vivo is not known, and
Mscl might functionally substitute for Swc7 in the fission yeast
Swrl complex.

Another possibility is that the chromatin environment of the
fission yeast is quite different from that of the budding yeast,
which necessitates the presence of Mscl in fission yeast. For
example, H2A.Z in fission yeast genetically interacts with het-
erochromatin machinery and the RNA interference pathway,
which are absent in S. cerevisiae, to suppress antisense tran-
scription (34). In addition, budding yeast does not seem to have
some histone methylation marks, such as H3K9me and
H4K20me (65— 67). In that sense, the PHDs of JARID1 family
proteins, such as mammalian RBP2 and fission yeast Lid2, bind
to methylated histones to target these enzymes to correct
genomic locations (27, 68). Thus, the PHD2 and PHD3 domains
might recruit Mscl to chromatin through histone lysine meth-
ylation, analogous to the function of budding yeast Bdfl in
recruiting the Swrl complex through histone acetylation (41,
42). It is unlikely that Mscl exerts its effect through histone
demethylation, as Msc1 lacks some critical residues for catalysis
(17), and mutations of critical residues within the JmjC domain
do not affect Mscl function (Fig. 6, D and E).

The centromeres of fission yeast maintain a unique chroma-
tin environment as indicated by a diffuse micrococcal nuclease
digestion pattern (7, 8) and silencing of reporter genes inserted
within centromeres (9), both of which depend on the presence
of histone H3 variant CENP-A“"P! (10, 69). As nucleosomes
reconstituted with CENP-A are more compact compared with
those formed with histone H3 (5, 6), it seems that CENP-A
could directly maintain the silenced chromatin environment.
However, the fact that loss of Msc1, Swrl, or H2A.Z"™! affected
silencing at centromeres without affecting CENP-A“"?" levels
demonstrates that silencing is not imposed by CENP-A“"P!
itself (Fig. 4).

Our ChIP assays indicated that H2A.Z"™" is not enriched at
the centromere region (Fig. 5, A and B), thus ruling out the
possibility that H2A.Z"™" directly impacts centromere chro-
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matin structure. In mammals, H2A.Z is enriched at pericentric
heterochromatin in addition to centromeres, and H2A.Z is
required for heterochromatin integrity (70, 71, 93). However,
our results suggest that in fission yeast H2A.Z"™" does not
exert its effect on centromere function through heterochroma-
tin (supplemental Fig. S2). Because H2A.Z has been shown to
control gene expression (29-31, 72), it is plausible that
H2A.Z"" affects the levels of other centromere components
that function downstream of CENP-A“"P! to regulate centro-
mere silencing. Our results suggest that H2A.Z"™! directly reg-
ulates the expression of CENP-C“"P? (Fig. 5C), which is essen-
tial for centromere silencing and chromosome segregation (Fig.
5D) (54). However, given the pleiotropic defects associated with
phtIA cells, it is possible that H2A.Z"™" also regulates the
expression of other proteins involved in centromere function,
which were not detected in previous microarray analyses (51).

CENP-C was originally identified as a kinetochore protein
from analysis of scleroderma patient autoantibody (73), and it is
essential for kinetochore assembly (74 —78). It is a member of
the constitutive centromere-associated network that copurifies
with CENP-A and colocalizes with CENP-A throughout the
cell cycle (79-82). Kinetochore localization of CENP-C is
downstream of CENP-A but upstream of most other kineto-
chore proteins (77, 78, 83, 84). Unlike other proteins of the
constitutive centromere-associated network, CENP-C has
been identified in all eukaryotes (52, 74, 85— 87). Fission yeast
CENP-C"P? also serves as a scaffold for the recruitment of
other kinetochore proteins (54). However, its molecular func-
tion is not clear.

We found that CENP-C“"P? is required for maintaining a
silenced chromatin state at centromeres (Fig. 5D). The biolog-
ical function of centromere silencing is not understood,
although mutations that affect silencing of centromere reporter
genes usually result in defects in chromosome segregation (10).
Itis possible that silencing is a byproduct of kinetochore assem-
bly. However, the detection of transcripts derived from the cen-
tromere region in mammals and plants suggests that silencing
at centromeres might have significant biological consequences
(2), and it fits into a broad body of evidence implicating RNA in
chromatin-related functions (88, 89). Whether centromeric
sequences are transcribed in fission yeast is currently unknown,
but the region is enriched for low levels of RNA polymerase II
and methylated histone H3 lysine 4, a modification usually
associated with gene transcription (90, 91). Interestingly,
CENP-C binds to transcripts derived from human a-satellite
DNA, and the transcripts are required for CENP-C localization
(92). Thus, examining whether fission yeast centromeres are
transcribed and elucidating the role this transcription might
have in centromere function are promising new directions in
centromere chromatin research.
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