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The Chromodomain Protein Swi6: A Key
Component at Fission Yeast Centromeres

Karl Ekwall,* Jean-Paul Javerzat,* Axel Lorentz,
Henning Schmidt, Gwen Cranston, Robin Allshire:

Centromeres attach chromosomes to the spindle during mitosis, thereby ensuring the
equal distribution of chromosomes into daughter cells. Transcriptionally silent hetero-
chromatin of unknown function is associated with centromeres in many organisms. In the
fission yeast Schizosaccharomyces pombe, the silent mating-type loci, centromeres, and
telomeres are assembled into silent heterochromatin-like domains. The Swi6 chromo-
domain protein affects this silencing, and now it is shown that Swi6p localizes with these
three chromosomal regions. In cells lacking Swi6p, centromeres lag on the spindle during
anaphase and chromosomes are lost at high rates. Thus, Swi6p is located at fission yeast
centromeres and is required for their proper function.

Cytologically observable heterochromatin
in Drosophila and mammals is, in general,
incompatible with gene expression (I, 2).
The function of these transcriptionally silent
regions remains enigmatic (I, 2). Higher
eukaryotic centromeres, with their associat-
ed kinetochore complex, are formed in the
vicinity of centromeric heterochromatin, but
whether heterochromatin itself contributes
to centromere function is unknown. One
possibility is that transcriptional repression
at centromeres, and therefore heterochroma-
tin, is a manifestation of normal centromere-
kinetochore assembly. If this is true, then
certain gene products should localize with
centromeres and play a role in both the
formation of silent heterochromatin and
centromere function.

In the fruit fly Drosophila melanogaster and
in mammals, proteins containing chromodo-
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mains, a motif first described as a region of
similarity between HP-1 and Polycomb (3),
are associated with heterochromatin or im-
pose repression in a temporal manner on
important developmental genes (4-10). Mu-
tations in the Drosophila gene Su(var)205,
which encodes the chromodomain protein
HP-1, were originally identified as suppres-
sors of variegating position effects, which
suggested a role for HP-1 in the formation of
heterochromatin (11). In the fission yeast
Schizosaccharomyces pombe, the silent mat-
ing-type loci, centromeres, and telomeres
share several properties with heterochromat-
ic domains (12-14). The swi6™* gene of fis-
sion yeast encodes a chromodomain protein
and is required to maintain transcriptional
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repression at the silent mating-type loci and
centromeres (15, 16). Mutations in the swi6
gene result in a highly increased rate of
chromosome loss (16). The chromodomain
of Swibp is 46% identical to that of Drosoph-
ila HP-1 across this 50-amino acid domain
(15). We now present evidence that the
Swi6 protein is an important functional
component at fission yeast centromeres.

A purified fusion protein was used to
raise a polyclonal serum and to affinity-
purify Swibp-specific antibodies (anti-
Swi6p). Protein immunoblotting with anti-
Swi6p detected a single band migrating at
~50 kD in extracts from wild-type strains
(Fig. 1A) (17). This band was absent in
extracts from strains in which the swi6*
gene is deleted (swi6::hisl), and only a faint
signal was seen in extracts from strains with
the missense swi6-115 allele (W269R).

Immunofluorescence analysis with affin-
ity-purified anti-Swi6p produced a distinct
pattern of staining in fixed cells (17). Sev-
eral discrete spots were seen in interphase
haploid and diploid cells (red, Fig. 1, B and
C). Most haploid and diploid cells con-
tained three and five spots of anti-Swi6p
fluorescence, respectively (Fig. 1E). No
staining with anti-Swibp was detected in
strains harboring a complete deletion of the
swi6 gene (Fig. 1D).

Mutations at swi6 cause a high rate of
chromosome loss during mitosis (Table 1)
and affect silencing within the centromere
(16). It therefore seemed plausible that
some of the anti-Swi6p spots might repre-

Table 1. Frequency of chromosome lagging and loss in wild-type and swi6 mutants at 18°C.

Back- Cells in late Late anaphase Rate of minichro-
q anaphase cells with lagging mosome loss (Ch16)
groun (%)* centromeres (%)* per divisiont
Wild type 3.5 <1.0 (0/98) <0.08 (0/1241)
swib::his™ 3.7 48.8 (39/80) 4.6 (17/370)
swi6-115 2.7 24.5 (15/61) 1.3 (11/849)

*These authors contributed equally to this work.
tPresent address: Laboratoire de Génétique, Université
de Bordeaux Il, Avenue de Facultes, 33405 Talence,
France.

$To whom correspondence should be addressed.

*Late anaphase cells were defined as cells with a spindle length greater than 5 um. Cells were classified as having
lagging centromeres if a single centromere FISH signal was detected at least 1.5 um away from an anaphase spindle
pole (as in Fig. 4B). For all strains, the frequency of lagging centromeres and minichromosome loss were measured in

cells from the same culture. Similar results were obtained in different cultures.

was determined as described (76).
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sent fission yeast centromeres. To investi-
gate this possibility, we stained wild-type,
diploid cells with anti-Swi6p and then de-

tected centromeres by fluorescent in situ
hybridization (FISH) (I8, 19). In inter-
phase cells (Fig. 1), between three and six

spots of staining (red, Fig. 2A) were detect-
ed, one of which (generally the largest)
colocalized with the centromere FISH sig-

nal (green, Fig. 2A; colocalization of red
with green produces yellow in the merged

o
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Fig. 1. Generation of antiserum to SwiBp. (A) Immunoblot of total protein extracted from wild-type (lanes
1and 4), swi6-115 (lanes 2 and 5), and swi6::his1 (lanes 3 and 6) strains was probed with affinity-purified
anti-SwibpR4 (lanes 1 to 3) and counterstained with amido black to compare loading (lanes 4 to 6) (17).
A single band migrating at 50 kD is apparent in wild-type but not in deletion strains. (B to D) Wild-type
haploid and diploid cells and swi6::his1 cells, respectively, fixed and stained with affinity-purified anti-
Swi6bp (red), mouse anti-tubulin TAT1 monoclonal antibody (green), and DAPI, which stains chromosomal
DNA (blue) (77). The merged three-color image is shown at the top left of (B), (C), and (D). (E) Distribution
of haploid and diploid cells with various numbers of anti-Swi6p spots. Images (B, C, and D) are at the

same magnification. Bar in (D), 10 pm.

Fig. 2 (left). Colocalization of Swi6 protein with centromeres, telomeres,
and the mating-type loci. Montages of wild-type diploid cells stained with
anti-Swibp (red) and the digoxigenin-labeled probes (green). (A) Centromer-
ic DNA (pRS140) (19), (B) telomere-associated DNA (Cos212) (19), and (C)
mating-type loci DNA (pONB6, 7, and 8) (25). DAPI staining is shown in blue.
In (A), (B), and (C) the merged, three-color image is shown at the top left
where yellow is produced upon colocalization of red (Swi6p) and green
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image, top left). In interphase fission yeast
cells, all centromeres aggregate at the nu-
clear periphery adjacent to the spindle pole
body (19). Thus, in diploid cells at G2
interphase, a single large spot of centromere
staining was expected even though these
cells contained 12 copies of centromeric
DNA.

In addition to the large centromeric anti-
Swi6p-stained spot, several smaller spots
were detected that varied in number from
two to six when all focal planes of cells were
examined. Fission yeast telomeres cluster at
the nuclear periphery, and during G2 in
diploids the number of spots detected by
FISH with the telomere Cos212 probe is in
the range of one to five (19). The Cos212
probe was used to detect the telomeres of
chromosomes 1 and 2 (green, Fig. 2B) in
anti-Swi6p—stained cells (red, Fig. 2B). In
the five cells shown, the telomere signals
colocalized with spots of anti-Swi6p staining
(yellow in merged image, Fig. 2B, top left).
All cells contained a large anti-Swi6p—
stained spot that did not coincide with the

W Haploid

c

(FISH) sighals. Bar, 10 um. Fig. 3 (right). Localization of Swi6 protein
through the fission yeast cell cycle. Wild-type haploid cells were stained
with affinity-purified anti-Swibp (A, red), mouse anti-tubulin TAT1 monoclo-
nal antibody as a marker for stages through the cell cycle (B, green), and
DAPI (C, blue) (717, 20). For each cell, the corresponding panels are placed
below each other. From left to right, an example is shown of a cell at various
stages of the cell cycle passing from interphase through the equivalent of
metaphase, anaphase, telophase, and cytokinesis. The brightest spots
represent the centromeres, which in early mitosis cluster in the center of the
short spindle and then move toward the poles. Upon spindle elongation, the
centromere spots remain in close proximity to the poles, while the remaining
spots (telomeres and mat loci) trail toward the center of the spindle. Upon
septum formation (cytokinesis), an interphase arrangement is reestab-
lished. Cells were fixed and stained as described (77). Bar, 10 um.
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telomere signal; from the data shown in Fig.
2A, it is likely that this large spot represents
the centromeres. Remaining anti-Swi6p sig-
nals could represent the telomeres of chro-
mosome 3, which lack telomere-associated
repeats (19), or the silent mating-type loci.
The same h*N diploid cells stained with
anti-Swi6p were also subjected to FISH with
a probe for the mating-type loci (Fig. 2C)
(18). One to two major signals were detect-
ed with this mat locus probe (green), which
colocalized with anti-Swi6p spots (red) in
the merged image (yellow, top left).

A series of images are shown (Fig. 3) of
wild-type, haploid cells stained with anti-
Swibp (red) and anti-tubulin (green) (17),
to mark the stages of the cell cycle from
interphase through mitosis (20). The anti-
Swibp staining was present on the chromo-
somes during mitosis and followed the same
dynamics as reported for centromeres and
telomeres throughout the cell cycle (19).

Mutation or deletion of the swi6 gene
resulted in a 30- to 100-fold increase in the
rate of chromosome loss (Table 1) (16). To
assess the nature of these chromosome seg-
regation defects in strains bearing the null
allele, we analyzed fixed cells by staining
with anti-tubulin (green, Fig. 4) to indicate
their position in the cell cycle and then
subjected the cells to FISH with a centro-

Fig. 4. Lagging centromeres and chromosomes
in anaphase of swi6 mutants. Late anaphase wild-
type haploid (A) and swi6::his1 (B) cells stained
with anti-tubulin TAT1 monoclonal antibody as a
marker for cell cycle stage as related to spindle
appearance and length (green) (17, 20), the
digoxigenin-labeled centromeric DNA probe (red)
(21), and DAPI (blue). The three-color merged im-
age is shown at the top left of (A) and (B). Only in
cells lacking the Swi6 protein (swi6::his1) are cen-
tromeres (red spots) observed to lag on anaphase
spindles (see Table 1). In many of these cells,
lagging chromosomes can also be seen by DAPI
staining in blue (B). Bar, 10 um.

mere probe (red, Fig. 4) (21). Late anaphase
cells, with spindle lengths greater than 5 pm,
represented 3.7% of the population in asyn-
chronous log phase cultures of wild-type
strains (Table 1). At this stage, the centro-
meres and chromosomes had completed seg-
regation and were located at the poles of
these spindles in all cells (Fig. 4A and Table
1). In contrast, in cells with no swi6 gene, a
high incidence (48.8%) of lagging centro-
meres was detected (Fig. 4B and Table 1).
Aberrant segregation events were also de-
tected in the swi6-115 mutant (Table 1).
Defective centromere function in swi6 mu-
tants is presumably a consequence of the
absence of this protein at centromeres,
which results in the assembly of weakened
kinetochores. These kinetochores must be
defective in their interaction with microtu-
bules so that the chromosomes move more
slowly to the poles during anaphase.

These data demonstrate that the Swi6
protein is localized to all three heterochro-
matin-like regions of the fission yeast nucle-
us, including the centromere. There are sim-
ilarities between the roles of Swi6p in S.
pombe and HP-1 in Drosophila. HP-1 localizes
at pericentric heterochromatin (7, 10) and is
involved in the unstable repression imposed
on genes placed adjacent to heterochroma-
tin (4). Homozygous mutants in HP-1 are
late larval lethal, and the affected larvae
display a high incidence of defects in chro-
mosome segregation (22). Mutations at the
swi6 locus affect transcriptional silencing at
the centromere (16), cause a high frequency
of lagging centromeres during late anaphase,
and have highly increased rates of chromo-
some loss. In addition, the Swi6 protein is
associated with the centromere. One major
difference between the phenotype of fission
yeast swi6 and Drosophila HP-1 mutants is
that in the latter, centromere movement to
the spindle pole during anaphase is unaffect-
ed and the primary defect appears to be in
chromosome condensation, whereas the swi6
mutations affect the ability of centromeres to
migrate to the poles of the spindle during
anaphase. This observation is consistent
with the Swi6 protein being an integral
functional component at fission yeast cen-
tromeres,  the assembly of which mediates
the formation of a heterochromatin-like re-
pressive structure.
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