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Introduction

The fission yeast Cdc18 protein (ScCdc6) is an essential, con-
served replication initiation factor found from archaea to 
eukaryotes (reviewed in ref. 1 and 2) Cdc18 binds to the ori-
gin recognition complex ORC at the replication origins, and is 
required for loading the MCM helicase to assemble the pre-rep-
lication complex (preRC). Following origin activation, Cdc18 is 
turned over so that the origins cannot be re-used until the next 
cell cycle. Cdc18 is regulated by multiple mechanisms including 
cell cycle dependent transcription, phosphorylation and ubiqui-
tylation, and is thus ensures that individual replication origins 
are competent to fire only once per cell cycle.

In fission yeast, three large centromeres contain numerous rep-
lication origins that are activated early in the cell cycle.3-6 Each cen-
tromere contains an essential central core region, which is defined 
by the presence of the histone H3 variant, Cnp1 (H3Cen, Cenp-A) 
and by association with the kinetochore (reviewed in ref. 7).  

Heterochromatin in S. pombe is associated with gene silencing at telomeres, the mating locus and centromeres. The 
compact heterochromatin structure raises the question how it unpacks and reforms during DNA replication. We show 
that the essential DNA replication factor Cdc18 (CDC6) associates with heterochromatin protein 1 (Swi6) in vivo and 
in vitro. Biochemical mapping and mutational analysis of the association domains show that the N-terminus of Cdc18 
interacts with the chromoshadow domain of Swi6. Mutations in Swi6 that disrupt this interaction disrupt silencing and 
delay replication in the centromere. A mutation cdc18-I43A that reduces Cdc18 association with Swi6 has no silencing 
defect at the centromere, but changes Swi6 distribution and accelerates the timing of centromere replication. We 
suggest that fine tuning of Swi6 association at replication origins is important for negative as well as positive control of 
replication initiation.

S. pombe replication protein Cdc18 (Cdc6) 
interacts with Swi6 (HP1) heterochromatin protein

Region specific effects and replication timing  
in the centromere

Pao-Chen Li,1,† Louise Chretien,2,† Jocelyn Côté,3 Thomas J. Kelly2 and Susan L. Forsburg1,*

1Program in Molecular and Computational Biology; University of Southern California; Los Angeles, CA; 2Memorial Sloan Kettering Cancer Center; New York, NY USA;  
3Department of Cellular and Molecular Medicine and Centre for Neuromuscular Disease; Faculty of Medicine; University of Ottawa; Ottawa, ON Canada

†These authors contributed equally to this work.

Keywords: fission yeast, Cdc18, centromere, DNA replication, Swi6

Abbreviations: BrdU, bromodeoxyuridine; ChIP, chromatin immunoprecipitation; CSD, chromoshadow domain; DAPI, 
4',6-diamidino-2-phenylindole; EDTA, ethylenediaminetetraacetic acid; GFP, Green fluorescent protein; H3K9me, histone H3K9 

methylated; HU, hydroxyurea; preRC, prereplication complex; RT-PCR, reverse transcriptase polymerase chain reaction; SDS, 
sodium dodecyl sulfate; TBZ, thiabendazole

This central core is flanked by large, repetitive sequences in the 
pericentromere which are organized into inner and outer repeats. 
These repeats contain methylated histone H3K9 (reviewed in refs. 
7 and 8). H3K9me recruits the heterochromatin protein Swi6 
(HP1). Swi6 is highly conserved from fission yeast to mammals 
and consists of a chromodomain that binds methylated histones 
and a chromoshadow domain that is required for dimerization and 
binding to additional proteins.9-13 Binding of Swi6 to H3K9me 
causes repression of gene expression in the pericentromeric het-
erochromatin (reviewed in refs. 7–9). In turn, Swi6 recruits 
additional Clr4 methylase, which leads to expansion of histone 
methylation and further Swi6 binding, until it reaches boundary 
regions that prevent further spreading. Swi6 is also required for 
silencing in the mating type locus and at the telomeres.

In addition to silencing the pericentromeric heterochromatin, 
Swi6 recruits cohesin proteins to this region.14,15 It also contrib-
utes to proper assembly of the central core histone Cnp1, and the 
kinetochore (reviewed in ref. 7). In the absence of Swi6, fission 
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In this study, we identified S. pombe Cdc18 as a binding 
partner of Swi6 in vivo and in vitro, and biochemically mapped 
the binding domains in the two proteins. We used site-directed 
mutations in each protein to disrupt the interaction. These muta-
tions do not affect overall chromosome replication or segregation, 
and do not affect bulk Swi6 localization. However, they cause 
modest silencing defects, changes in distribution of Swi6 in spe-
cific centromere regions, and changes in the timing of centromere 
replication. These results suggest that recruitment of Swi6 to the 
centromere is linked to preRC assembly, and implicate Swi6 in 
the regulation of replication initiation independent of its role in 
recruiting Hsk1.

Results

Isolation of Swi6 as a Cdc18-interacting protein. In order to 
identify Cdc18-interacting proteins, we performed a yeast two-
hybrid screen in duplicate. Each screen of 1 x 107 fission yeast 
cDNA clones yielded on average 30 positives. The most common 
isolate was Orc2, a component of the ORC complex, previously 
shown to interact with Cdc18 and Cdc2.39 However, we also 
identified Swi6, the orthologue of metazoan Heterochromatin 
Protein 1 HP1.16,40 We recovered two isoforms of Swi6: a large 
fragment (Swi6 94–328) which is nearly full length, and a 
shorter truncated form (Swi6 267–328) which contains only 
the C-terminal chromo-shadow domain. An amino-terminally 
truncated Cdc18 (Cdc18-169-577) was still competent for asso-
ciation with Orc2, but unable to interact with Swi6, suggesting 
the amino terminus of Cdc18 is required for Swi6 association. 
We verified the results of the two hybrid screen by performing a 
co-immunoprecipitation experiment in vivo in a strain expressing 
tagged versions of Cdc18 and Swi6 from plasmids (Fig. 1). Thus, 
the two-hybrid result reflects a protein-protein interaction that 
occurs in vivo.

Mapping and mutational analysis of Swi6 binding domains. 
To map the domains of Swi6 required for binding to Cdc18, we 
constructed a series of truncation and point mutations in Swi6 
and tested them for their association with wild type Cdc18 by 
immunoprecipitation assays (Fig. 2). Consistent with the two 
hybrid data, we mapped the interaction of Cdc18 to the chro-
moshadow domain (CSD) of Swi6. Using deletion analysis, we 
identified the region of Swi6 that interacts with Cdc18 to the 
extreme C-terminus of the CSD. A substitution F324A prevented 
binding of Swi6 to Cdc18 in vitro. Structural studies have shown 
that this residue is part of the pocket in the CSD that binds to 
other proteins. The binding pocket is formed at the dimer inter-
face of two CSD domains.11-13 We observed that mutation of a 
residue involved in homo-dimerization of the CSD (L315K) also 
abolished the interaction between Swi6 and Cdc18 (Fig. 2).

To assess the effects of mutations that disrupt the interaction 
between Swi6 and Cdc18 (and perhaps other proteins), we con-
structed GFP fusions of Swi6-L315K and Swi6-F324A. As con-
trols we made similar constructs containing wild type Swi6 or 
Swi6 with substitutions in residues adjacent to those that disrupt 
Swi6-Cdc18 interactions (Swi6-T323A and Swi6-R325A). The 
constructs were each integrated into the chromosome under the 

yeast cells are viable, but are defective in silencing and in centro-
mere cohesion.14-16 This results in lagging chromosomes, caus-
ing an anaphase delay and increased rates of chromosome loss 
(reviewed in ref. 17).

Numerous observations suggest that there is a specific S-phase 
component to Swi6 function. Centromere heterochromatin is 
uniquely dynamic during S phase. In mammalian cells18,19 and 
in fission yeast,20,21 Swi6 binding in the pericentromeric hetero-
chromatin is disrupted in M phase of each cell cycle as a result 
of phosphorylation of the H3S10 residue, and rebinds by the end 
of the subsequent S phase. In S. pombe, this cyclical disruption 
allows a window of transcription from the pericentromere dur-
ing S phase, which is used to generate siRNAs to target the Clr4 
methyltransferase back to the centromere in order to modify new 
histones and restore silencing.20,21

However, Swi6 recruitment during S phase may not be 
solely dependent on methylated histone. First, association of 
the Swi6 homologue HP1 with heterochromatin in Drosophila 
requires association with the origin recognition complex ORC.22-

25 In mouse, Orc1, Orc2 and Cdc6 also associate with HP1.26 
Second, the replication-specific chromatin assembly factor CAF1 
interacts with HP1.27-29 CAF1 is associated with the elongat-
ing replication fork, and its association with HP1 may provide 
a mechanism to propagate already established heterochromatin 
onto newly synthesized DNA (reviewed in refs. 30 and 31). The 
Pob3 protein, a component of the FACT elongation complex that 
is associated with replication forks, is also required for hetero-
chromatin assembly.32,33 Third, Swi6 assembly in fission yeast 
requires DNA polymerase alpha (Swi7/Pol1,34). Both Swi7 and 
the polα associated protein Mcl1 are required for centromere 
silencing at the outer repeat and at the central core.35,36 Fourth, 
the S. pombe DDK kinase Hsk1, which is active only during S 
phase, associates with Swi6.37 Recent studies suggest that Swi6 
also recruits Hsk1 to ensure early replication timing of the cen-
tromere.38 Swi6 association with both replication initiation fac-
tors (ORC, Cdc6, Hsk1) and with elongation factors (CAF, 
FACT, polα) suggests that Swi6 may contribute to regulation 
of replication, or that its silencing activity may depend on rep-
lication-specific functions. These possibilities are not mutually  
exclusive.

Figure 1. In vivo co-precipitation of Cdc18 and Swi6. Cell extracts 
were prepared from transformants expressing pREP4X cdc18 3HA and 
pREP81X FlagSwi6. In vivo binding studies were performed by immuno-
precipitating cells extracts on FLAG M2-agarose conjugate beads in the 
absence (F1, B1) or presence (F2, B2) of FLAG peptide or by incubating 
the extracts on Sepharose beads (F3, B3). Immunoblotting was done 
with F7 anti-HA antibodies for cdc18 and anti-FLAG or polyclonal anti-
body for Swi6. I input, F flow through; B beads.
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Figure 2. Mapping of the Swi6 interaction domain by in vitro binding. (A) Schematic representa-
tion of the Swi6 protein and mutational analysis. The chromo domain (CD) is linked to the chromo 
shadow domain (CSD) through the hinge (H) region summarizes the binding results. (B) In vitro 
binding studies were performed by precipitation of bacterial recombinant His6FLAG-Swi6 wild-
type or fragments or mutants with FLAG M2-agarose conjugate beads. Recombinant MBP-Myc 
Cdc18 wild type was added to the beads and its binding capacity was measured by western blot-
ting. Immunoblotting was performed with anti-Myc antibodies for Cdc18 or anti-FLAG antibodies 
for Swi6.

control of the thiamine-repressible nmt1-
81 promoter in Δswi6 cells (see materials 
and methods). All strains were viable and 
in the absence of thiamine, all expressed 
the Swi6 derivatives at a level similar to 
that of the endogenous gene in wild-type 
cells (Sup. Fig. 1).

Swi6-L315K and Swi6-F324A levels 
are reduced at the centromere. We exam-
ined the distribution of Swi6 mutant 
proteins in the cells. Wild type Swi6 is 
normally localized to heterochromatin 
which clusters in 1–3 spots, correspond-
ing to centromeres and telomeres, at the 
periphery of the nucleus.16 This local-
ization can be disrupted by loss of the 
methylation on histone H3K9, which is 
the binding site for Swi6 or by disrup-
tion of Swi6 dimerization.11,41 We deter-
mined the distribution and number of 
GFP-Swi6 foci in wild type and mutant 
strains (Fig. 3A). Most mutants showed 
wild-type distribution of foci. However, 
Swi6-L315K severely disrupted focus for-
mation, showing general nuclear staining 
with sporadic single focus in a small num-
ber of cells. This result suggests that most 
of the Swi6 mutations are competent for 
general heterochromatin, and suggests 
that Swi6-L315K may indeed be defective 
for dimerization.

We examined dimerization of Swi6 
derivatives in vivo. The Flag-Swi6 plas-
mid was transformed into the GFP-Swi6 
integrated strain with the same mutation 
(e.g., the Flag-Swi6-L315K plasmid was 
transformed into the GFP-Swi6-L315K 
integrant), and the dimerization was 
tested by coimmuniprecipitation. We saw 
that wild-type Flag-Swi6 coimmunopre-
cipitated with GFP-Swi6, as expected. No 
co-immunoprecipitation was detected in 
Swi6-L315K or Swi6-F324A under anti-
body concentrations sufficient to detect 
wild type (Fig. 3B). Using increased anti-
body levels and long exposure times, there 
was a signal apparent in Swi6-F324A, 
but due to higher background levels, 
this result was not conclusive (data not 
shown); therefore we concluded that both 
L315K and L324A derivatives of Swi6 
are somewhat impaired in dimerization, 
although probably not to the same degree.

swi6-F324A mutant disrupts silenc-
ing only at cen1. The level of Swi6 at the 
centromere affects both heterochromatin 
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Figure 3. For figure legend, see page 327.
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Δswi6, few of the mutations caused lagging chromosomes; sur-
prisingly, even Swi6-L315K, which showed the most severe dis-
ruption of Swi6 localization, caused only a slight increase in the 
frequency of lagging chromosomes (Sup. Fig. 2B). This indicates 
that the central core of the centromere and the kinetochore are 
functionally intact in these mutant strains.

Identification of a Cdc18 allele defective for binding Swi6. 
Using in vitro binding assays, we identified the region in Cdc18 
required for Swi6 binding (Fig. 4). Again, consistent with the 
two-hybrid data, deletion of the first 50 amino acids of Cdc18 pre-
vented its binding to Swi6 (Fig. 4A and B; Sup. Fig. 3) whereas 
deletion of first 40 amino acids barely affected the interaction. 
We used alanine scanning mutagenesis to narrow the region of 
Cdc18 that binds to Swi6 to residues 42–47. Finally we observed 
that the single substitution I43A was sufficient to reduce Cdc18 
binding to Swi6 in vitro. This residue falls outside of the con-
served part of the protein and lies in a relatively unstructured 
domain of the protein.42 This region of Cdc18 is not required for 
its function in DNA replication. We integrated cdc18-I43A with 
an HA tag into the chromosome and observed no significant dif-
ference in Cdc18-I43A expression or cell growth compared to a 
control strain Cdc18-HA. The kinetics of bulk DNA replication 
in synchronized cell populations were also similar for mutant and 
wild type strains (Sup. Fig. 4). Next, we examined centromere 
function by monitoring TBZ sensitivity and fraction of lagging 
chromosomes in cdc18-I43A compared to the swi6 mutants. By 
itself, cdc18-I43A showed no defects and, when combined with 
swi6 mutations, did not exhibit any synthetic effects in these 
assays. These observations suggest that chromosome cohesion 
and mitotic function of the centromere are generally intact in 
cdc18-I43A, and further suggest that cdc18-I43A is epistatic with 
the swi6 mutants (Sup. Fig. 5).

cdc18-I43A affects Swi6 distribution. We examined the 
effects of cdc18-I43A on expression of a normally silenced trans-
gene integrated at three heterochromatin domains: the centro-
mere subdomains, a telomere located on a minichromosome, 
and the mating type locus on chromosome II (Fig. 5 and Sup. 
Fig. 6). We observed no defect in silencing in any heterochro-
matin regions in cdc18-I43A. Chromosome segregation and 
Swi6 localization measured by GFP focus formation were unaf-
fected by the cdc18-I43A mutation, suggesting that cdc18-I43A 
does not generally disrupt Swi6 throughout the centromere  
(Sup. Fig. 5 and data not shown). However, when we used 

structure and silencing.16 We examined silencing using strains that 
contain a ura4+ or ade6+ reporter gene integrated at three regions 
of centromere 1: the outer repeats cen1L(dh) and cen1R(dg) and 
the inner repeat cen1L(imr). We also examined silencing in the 
outer repeats of cen2(dg) and cen3(dg) (Fig. 3C and D). Cells 
defective in silencing ura4+ can grow in the absence of uracil, but 
are killed by the suicide substrate 5-fluoro-orotic acid (5-FOA). 
Conversely, cells that silence ura4+ expression are unable to grow 
on media lacking uracil, but are resistant to 5-FOA. Cells defi-
cient in adenine expression form pink or red colonies and are 
unable to grow on media lacking adenine. Consistent with the 
disrupted localization of GFP-Swi6-L315K foci, we found that 
swi6-L315K is defective for silencing of all the markers tested in 
all three centromeres (Fig. 3C and D). In contrast, swi6-F324A 
has a silencing defect primarily at the three insertions of centro-
mere 1 and little or no defect in cen2 or cen3 (Fig. 3C and D).

We used chromatin immunoprecipitation (ChIP) with prim-
ers to the integrated ura4+ transgene to examine Swi6 occupancy 
at specific regions of the centromeres: cen1 otr1L(dh)::ura4+, 
cen2 otr2K”(dg)::ura4+ or cen3 otr2K3”(dg)::ura4+. These were 
normalized against a ura4-DS/E mini-gene at the endogenous 
ura4+ euchromatic locus, which is a non-functional allele with an 
internal deletion. As expected, Swi6-L315K localization was low 
at all sites (Fig. 3C and D), consistent with its impaired focus 
formation and defects in silencing. We detected Swi6-F324A at 
the reporters in all three centromeres, although levels were mod-
estly reduced relative to wild type (Fig. 3C and D). To verify that 
these effects were not dependent on the integrated transgenes, 
we also performed ChIP using primers that recognize the dg 
repeats in all three centromeres (Fig. 3E). We saw little reduction 
of Swi6-F324A, but strikingly reduced levels of Swi6-F315K. 
Therefore, the silencing phenotype reflects the amount of Swi6 
at the centromere, and cen1 appears to be particularly sensitive.

Mutations that destabilize the centromere typically cause 
increased sensitivity to microtubule destabilizing agent thiaben-
dazole (TBZ). We observed that Swi6-L315K and Swi6-F324A 
were both sensitive to TBZ, similar to Δswi6 (Sup. Fig. 2A). We 
also examined the frequency of lagging chromosomes during 
mitosis. These result from merotelic attachment of a single cen-
tromere to both spindle poles, which causes the attached sister 
chromatid to lag on the mitotic spindle. We synchronized the 
cells in hydroxyurea in early S phase and released into mitosis. We 
collected time points and stained the nuclei with DAPI. Unlike 

Figure 3 (See opposite page). Characterization of Swi6 mutations in vivo. (A) Visualization of Swi6-GFP foci in live cells. Quantification of GFP foci 
results of wild type (FY3386), swi6-L315K (FY3388), swi6-T323A (FY3389), swi6-F324A (FY 3390) and swi6-R325A (FY3391), showing fraction of cells with 
0, 1 or ≥2 foci. 100 cells were counted and repeated three times independently. (B) Dimerization in vivo of mutant forms of Swi6. GFP-swi6 integrated 
cells were transformed with either pREP81X-Flag or pREP81X Flag-Swi6 plasmids containing the same version of Swi6, and grown in selected medium. 
Soluble protein was immunoprecipitated with FLAG M2-agarose conjugated beads. Coimmunoprecipitation was detected by western blotting with 
anti-Swi6 antibodies. Two transformed colonies were tested in each mutant. (C) Silencing of the ura4+ or ade6+ marker in the cen1 dh, imr or dg repeats 
(indicated by the schematic). Expression in different swi6 mutants was determined by sensitivity to FOA or viability on adenine-minus medium. N/S, 
non selective (Uracil+) medium. Swi6 localization in the cen1 dh repat was measured by chromatin immunoprecipitation (ChIP) using primers to detect 
an integrated ura4+ marker compared to a ura4-DS/E minigene that contains an internal deletion, which is located at the normal (euchromatic) locus. 
The same primers detect both ura4-DS/E and ura4+. W: Input; I: IP. Swi6-F324A localization at cen1(dh) is significantly lower than wild type, with a p 
value of 0.048. (D) Expression of ura4+ marker in cen2 or cen3 dg repeat in different swi6 mutants was determined by sensitivity to FOA. Swi6 localiza-
tion at cen2 dg or cen3 dg was performed as in (C), with the indicated significance values. (E) Swi6 localization in different mutants at global dg was 
measured by ChIP using total dg primers compared to act1. Swi6-F324A is lower but not significant than wild type. Statistical analysis compared three 
independent experimental samples using the Student’s t-test.
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subdomains of the centromere, and may help recruit Swi6 spe-
cifically to the dh regions.

Cdc18-I43A accelerates centromeric DNA replication. 
Cdc18 is a rate-limiting factor required for replication origin 
assembly and firing (reviewed in ref. 1 and 2). In S. pombe, rep-
lication origins at the centromere fire early in the cell cycle and 
this is dependent on Swi6.4,6 However, Swi6 is dislodged from the 

chromatin immunoprecipitation to examine Swi6 at the ura4+ 
transgene in cen1(dg) repeat, we saw a modest, but statistically 
significant increase in its levels (Fig. 5B). We next used primers 
that recognized the total dg and dh repeats. Again, we observed 
a trend towards increased Swi6 at dg repeats (across all three 
centromeres) and reduced Swi6 in total dh repeats (Fig. 5C). 
This suggests that Cdc18 contributes to Swi6 distribution in 

Figure 4. Mapping of Cdc18 interaction domain by in vitro binding. (A) Schematic representation of the Cdc18 protein and mutations. The N-terminal 
portion includes 7 Cdc2 phosphorylation sites (*). The protein also contains the ATP Walker A and B motifs. +, interaction between Cdc18 and Swi6; -, no 
interaction. (B) In vitro binding studies were performed by immunoprecipitation of recombinant MBP-Myc Cdc18 wild-type or fragments or mutants in 
absence (Fo, Bo) or presence (F, B) of bacterially produced recombinant His6FLAG-Swi6 wild-type on FLAG M2-agarose conjugate beads. Cdc18 bind-
ing was measured by western blotting. Immunoblotting was performed with anti-Myc antibodies for cdc18 or anti-FLAG antibodies for Swi6. I, input; 
Fo/F, flow through; Bo/B, beads.
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Figure 5. Region specific silencing defects in cdc18-I43A. (A) Expression of the ura4+ or ade6+ marker at the cen1 dh, imr or dg repeat in cdc18-I43A mu-
tant was determined by senstitivity to FOA or viability on minus adenine medium. N/S, non selective (Ura+) medium. (B) Expression of ura4+ marker in 
cen2 or cen3 dg repeat was determined by sensitivity to FOA. (C) Swi6 localization at transgenes in cen1 dg repeat (ade6+) in cdc18-I43A was determined 
by ChIP. As an internal control, the same primers detect an ade6ΔN/N minigene at their normal euchromatic loci. Swi6 localization at global dg (D) or 
dh (E) repeat in cdc18-I43A mutant was determined by ChIP compared to act1. Swi6 in cdc18-I43A is significant higher at cen1(dg) and total dg regions, 
with p value of 0.027 and 0.002, but lower at dh regions. Statistical analysis was performed on 3 independent experimental samples using the Student’s 
t-test.

chromatin in mitosis and only regains access during S phase.20,21 
One possibility is that interaction between Cdc18 and Swi6 con-
tributes to the recruitment of one of these factors. Therefore, we 
investigated how Swi6 and Cdc18 mutations affect replication 
within the centromere.

Replication can be monitored by the incorporation of the thy-
midine analogue BrdU into the DNA using a strain engineered 
to express thymidine kinase and a nucleoside transporter.43,44 We 
released cdc18-I43A and cdc18+ cells from G

1
 phase (nitrogen 

starvation) into hydroxyurea (HU), which allows early origins 
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primers was specific for the inner repeat at cen1 (imr1). The final 
pair of primers identifies a central core sequence (cnt) in cen1 
and cen3 (Fig. 6B). Thus, most of our primers recognized repeti-
tive sequences in all three centromeres. In wild-type cells, we saw 
BrdU incorporation in dg and dh repeats at low levels at 4 hr, 
reaching a maximum at 5 hr after release from nitrogen starva-
tion. The inner repeat and central core were somewhat slower. In 
Δswi6 cells there was little incorporation of BrdU following HU 
arrest, suggesting that these otherwise early origins are unable to 
fire with early timing in Δswi6. This is consistent with a previous 
report using a slightly different method, and confirms that Swi6 
is required for early replication of the centromeres.38 Interestingly, 
the swi6-F324A strain showed slower replication timing at the dg 

to fire but blocks completion of DNA synthesis and prevents fir-
ing of late origins.5,6,45 We compared the timing of initiation at 
a known euchromatic early origin, ars2004, in wild-type and 
mutant cells. In wild-type cells, BrdU incorporation at ars2004 
was detected beginning at 4 hours after release into HU, but was 
not observed at a control, non-origin sequence. The profile was 
similar for wild type, Δswi6, cdc18-I43A and swi6-F324A, indi-
cating that under this protocol, replication timing in the euchro-
matin is unaffected by these mutations (Fig. 6A).

Next, we used the same ChIP strategy to examine replication 
timing in the centromeres. We used one pair of primers specific 
for the dh repeats in all three centromeres, and another pair spe-
cific for the dg sequences in all three centromeres. A third pair of 

Figure 6. Timing of centromere replication in cdc18-I43A and Δswi6. Wild-type (FY2318), Δswi6 (FY3812), cdc18-I43A (FY3813) and swi6-F324A (FY5048) 
cells were synchronized at G1 by nitrogen starvation and released into 10 mM of hydroxyurea and 100 μg/ml of BrdU. DNA replication was determined 
by BrdU ChIP. (A) Replication timing at euchromatin ars2004. (B) Centromeric replication timing in wt, cdc18-I43A, Δswi6 or swi6-F324A. Schematic rep-
resentation of the structure of the three centromeres and the location of the primers used for ChIP. The dh and dg primers recognize sequences in all 
three centromere. The primers for imr1 are cen1 specific. The primers for cnt are able to detect cen1 and 3. All experiments were repeated three times 
and representative data are shown.



www.landesbioscience.com	 Cell Cycle	 331

dimerization (Fig. 3B), we conclude that these phenotypes are 
unlikely to be specific for the Cdc18 association, but probably 
represent defects in overall Swi6 structure and function.

Dimerization of the CSD is thought to form a pocket that 
binds a number of proteins, mediated by the F324 residue;12,13,46 
therefore, we consider it likely that Swi6-F324A is defective in 
a number of different protein associations. Although the Swi6-
F324A is also defective in dimerization as detected by our in vivo 
co-immunoprecipitation, its phenotype is substantially different 
from swi6-L315K. This suggests that it is a hypomorphic allele, 
with an attenuation rather than complete disruption of Swi6 
activity. First, focus formation is not disrupted in swi6-F324A 
cells, although its association at the centromere is modestly 
reduced. Second, swi6-F324A cells do not have silencing defects 
in cen2 or cen3, but curiously, only in cen1.

cen1 is the smallest centromere, and contains single dh and 
dg repeats on either side of the central core. In contrast, cen2 
and cen3 have multiple copies of dh and dg on each side of their 
central cores. Additionally, the relative orientation of dh and dg 
in cen1 is different from that in cen2 and cen3: The cen1 dh repeat 
is the distal element in cen1, lying the furthest away from the 
central core. It is arranged in a head-to-head orientation with its 
adjacent dg repeat. In cen2 and cen3, a dg element is the most 
distal repeat, and dh-dg pairs are arranged head-to-tail. Thus, the 
boundary between dg and dh repeats is different in cen1, compared 

repeat, although not as severe as Δswi6 ; other domains were not 
examined.

Finally, we examined incorporation of BrdU in cdc18-I43A 
cells. We observed a modest, but reproducible acceleration of cen-
tromere replication across all three centromeres, indicating that 
disruption of Swi6-Cdc18 binding actually speeds up DNA rep-
lication in the centromere domains.

Discussion

In this study, we used two-hybrid screening to identify fission 
yeast Swi6 and Orc2 proteins as binding partners of the essen-
tial replication factor Cdc18 (ScCdc6). Wild-type Cdc18 is 
essential for DNA replication and assembly of a pre-replication 
complex.2 We show that the interaction of Cdc18 is disrupted 
by mutations in the Swi6 chromoshadow domain: F324A and 
L315K. Swi6-L315 corresponds to I165 in human HP1 which is 
predicted to lie at the dimerization interface, while Swi6-F324 
corresponds to W174, which is important for binding other pro-
teins.11-13 Swi6-L315K severely disrupts Swi6 localization at all 
heterochromatic loci, which is consistent with previous studies 
showing that dimerization through the chromoshadow domain 
is required for Swi6 assembly on the chromatin.11-13 Swi6-L315K 
also causes defects in silencing and chromosome segregation. 
Because Swi6-L315K mutation disrupts Swi6 localization and 

Figure 7. Model for Swi6 regulation of centromere replication. (A) In normal cells, Swi6 bound at the methylated histone enriches the local concentra-
tion of DDK which promotes origin activation (i). This is antagonized by Swi6 binding Cdc18 to prevent premature replication (ii). (B) In the absence of 
Swi6, origins are late-firing because they fail to recruit DDK effectively, and because there is nothing to counter fully repressive methylated chromatin. 
Similar results are observed for DDK mutants specifically defective in Swi6 binding.38 (C) In the absence of Swi6 binding to Cdc18 (cdc18-I43A), the 
inhibitory effect of Swi6 on origin firing is relieved. Swi6 is still able to bind methylated histone and recruit DDK to promote accelerated replication.
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Does this interaction affect DNA replication? Centromere 
heterochromatin in fission yeast replicates early.4-6 In budding 
yeast, early centromere replication has been suggested to be 
important for establishment of proper centromere orientation 
and function.56 In fission yeast, we observed that centromere rep-
lication in Δswi6 cells was severely delayed relative to wild type, 
indicating that Swi6 has a positive role in replication. Our results 
are consistent with recent work,38 which also showed that fus-
ing the Swi6 chromodomain to the DDK kinase subunit Dfp1 is 
sufficient to rescue early centromere replication timing in Δswi6 
cells. DDK is known to be required for the initiation of DNA 
replication (reviewed in ref. 1 and 2). This suggests that Swi6 
plays a positive role in promoting DNA replication initiation, by 
recruiting DDK.

Our data suggest that Swi6 also has an inhibitory effect on 
replication initiation, because specifically disrupting the interac-
tion between Swi6 and Cdc18 accelerates centromere replication. 
This suggests that the interaction between the two has a negative 
role in replication timing. Such an inhibition could operate either 
at the level of origin timing, or at the level of number of origins 
fired. Thus, we propose that Swi6 has both positive and nega-
tive roles in centromere replication (Fig. 7). The positive effect 
reflects the Swi6-dependent enrichment of DDK kinase in the 
heterochromatin region,38 which may act directly to promote 
origin firing. The most parsimonious model suggests that Swi6 
binding to Cdc18 may antagonize DDK and prevent it from act-
ing prematurely at the origin (Fig. 7A-i and ii). In the absence of 
Swi6, the H3K9me chromatin is refractory to early replication, 
possibly because of other methyl-histone binding complexes that 
delay origin activation or unwinding (Fig. 7B). If the interaction 
with Cdc18 is selectively disrupted, the Swi6-DDK recruited to 
the adjacent histones is sufficient to activate all the origins with 
accelerated timing (Fig. 7C). This implies that Swi6-DDK leads 
to a “hyper-activation” phenotype, perhaps due to increased 
concentration of the replication-inducing kinase in the vicin-
ity of origins. Relief of the Cdc18-Swi6 inhibition may depend 
on accumulating a certain level of DDK. Since swi6-F324A is 
expected to disrupt additional interactions, not just Cdc18, it is 
likely that it also disrupts DDK binding; this would be consis-
tent with its delayed replication timing. Future experiments will 
examine how DDK recruitment contributes to these phenotypes.

Combined with the data from reference 20 and 21, investi-
gating the timing of Swi6 association during S phase, our find-
ings support a model in which Swi6 recruitment in S phase 
occurs in two waves: an initial recruitment of Swi6 to the preRC 
and to residual H3K9me residues at the beginning of S phase, 
which contributes to replication timing, followed by a signifi-
cant increase of Swi6 at the end of S phase, as the RNAi-driven 
histone methylation provides additional binding sites for a final 
burst of Swi6 recruitment. Thus, the phenotypes we observe 
reflect changes in distribution of Swi6 required for formation or 
maintenance of contiguous heterochromatin and regulated ori-
gin activity. Further investigation will be required to dissect the 
components of regulated heterochromatin replication and the 
effects of histone methylation on replication timing.

to cen2 and cen3, as is the boundary between the pericentro-
mere heterochromatin domains and the adjacent euchromatin  
(Fig. 6B).

We propose that cen1 is more sensitive to the level of Swi6 than 
cen2 and cen3 because of its unusual structure. We further suggest 
that the mechanism of centromeric heterochromatin formation is 
slightly different among centromeres, depending on the numbers 
and orientation of the repeats. Region-specific effects on centro-
mere silencing and Swi6 localization were previously observed in 
mutants lacking the histone deacetylase Sir2, which specifically 
disrupts silencing at the inner repeat imr.47,48 Similarly, mutation 
of the tas3 gene specifically affects silencing at the imr, not the 
otr of cen1.49 These reports suggest that recruitment, spreading or 
maintenance of Swi6 is differentially affected in different hetero-
chromatin repeats within the centromere. Most of these studies 
have analyzed domains of cen1, so it is possible that these other 
phenotypes are also cen1-specific.

We identified the cdc18-I43A mutation by in vitro screening 
and found that does not cause any replication-associated defects 
or damage sensitivity in vivo. This region does not obviously 
match the PXVXL motif that is found in many Swi6-interacting 
proteins.11,46 However, the PXVXL sequence is not essential. 
Mammalian PML body protein SP100 also binds the HP1 
chromodomain and does not have a clear match to this motif.50  
cdc18-I43A has little effect on Swi6 function in heterochromatin. 
There was no increase of TBZ sensitivity nor lagging chromo-
somes in cdc18-I43A, indicating that overall centromere func-
tion is unperturbed by cdc18-I43A. However, there is a modest 
change in Swi6 distribution in cdc18-I43A compared to wild 
type: it is slightly increased at cen1 dg repeats, but reduced at dh  
repeats.

Current models for Swi6 assembly suggest that the protein 
can spread from its initial nucleation into adjacent domains 
along methylated chromatin. Since we see a change in the dis-
tribution of Swi6 at dg and dh repeats in cdc18-I43A, we sug-
gest that nucleation of Swi6 after mitosis also depends on the 
pre-RC at the centromere, particularly in early S phase, when 
H3K9me is limited. Swi6 accumulation thus partly depends on 
origin binding via Cdc18 in the dh repeat. We propose that the 
assembled replication origin may provide an initial nucleation 
event to localize Swi6 in the vicinity of origins during early S 
phase, independent of histone methylation. It has been shown 
that there are replication origins with the dh and dg repeats.3 The 
abnormal Swi6 distribution at dh and dg repeats in cdc18-I43A 
mutant implies that replication factors other than Cdc18 may 
contribute to Swi6 nucleation during early S phase. Consistent 
with a role for origin proteins in recruiting Swi6, we have also 
observed association between ORC and Swi6 in fission yeast 
(Li PC and Forsburg SL, unpublished). This may be a generally 
important mechanism, because HP1 also interacts with ORC 
and Cdc6 in metazoans.23,26,51 Both S. pombe and S. cerevisiae 
replication origins are associated with initiation of silent hetero-
chromatin domains (reviewed in ref. 52); additionally, muta-
tions in S. cerevisiae ORC genes are specifically associated with 
silencing defects.53-55
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BL21-Gold(DE3) competent cells (Stratagene) and purified on 
a nickel resin column according to instructions provided by the 
manufacturer (Qiagen, Inc.). Briefly, the expression strains were 
grown in LB and protein expression was induced with 0.35 mM 
IPTG for 5 hrs at 20°C. Cells were harvested and the pellet was 
washed and resuspended in Nickel Column Buffer (50 mM Hepes 
pH 7.5, 0.5 M NaCl, 2.5 mM MgCl

2
, 10% glycerol, 2.5 μg/ml 

soybean tryspsin inhitor, 4 μg/ml aprotinin, 2 mM pefablock, 
20 μg/ml leupeptin, 20 μg/ml bestatin, 40 μg/ml TLCK, 2 μg/
ml pepstatin) and then frozen at -20°C. For the purification, cells 
were broken and crude extracts were added to Ni-NTA resin. 
Beads were washed with Nickel Column Buffer containing 5 mM 
imidazole and the protein was eluted with buffer containing 250 
mM imidazole. Purified protein was stored at -80°C.

Construction of tagged strains. To construct strains with 
tagged episomal versions of Cdc18 and Swi6, the cdc18+ open 
reading frame was amplified from S. pombe cDNA using PCR 
and cloned as a Xho1/Sma1 fragment into the pSLF172 vec-
tor58 downstream of the nmt1 promoter, generating a Cdc18 
tagged with the triple HA epitope sequence at the C-terminus. 
The FLAG-tagged Swi6 open reading frame was amplified from 
the S. pombe plasmid pET15b FLAG-tagged Swi6 (see below) 
as a Xho1/BamH1 fragment and cloned into pREP81X59 down-
stream of the nmt promoter. The two resulting plasmid were 
transformed into the haploid S. pombe TK3 (leu1-32 ura4-D18 
ade6-M210) strain. Ura+ Leu+ transformants were selected 
and screened for expression of HA and FLAG tags; Cdc18 was 
detected by immunoblotting with anti-HA monoclonal antibody 
(F7) and FLAG-Swi6 was detected with anti-FLAG monoclonal 
antibody (M2). Transformants expressing both epitope tags were  
selected.

To construct strains with endogenously tagged Cdc18 
mutants, the cdc18+ promoter and 3'UTR were isolated by 
PCR of genomic DNA and cloned into the S. pombe plasmid 
pIRT2U.60 The tagged cdc18 gene (cdc18-3HA) was amplified 
by PCR from S. pombe plasmid pSLF172 cdc18-3HA and cloned 
into the pIRT2U vector in between the cdc18+ promoter and 
3'UTR. Site-directed mutagenesis of pIRT2U-cdc18-3HA to 
generate single base substitution mutations (I43A) was performed 
using QuickChange PCR (Stratagene). The 3HA-tagged cdc18+ 
gene was excised from the construct by Sma1/Sal1 digestion and 
transformed into haploid S. pombe AR 5504 strain carrying a 
chromosomal disruption of the cdc18+ gene (cdc18::ura4+) and a 
wild-type copy of cdc18+ on the plasmid prep81X. Transformants 
were grown in presence of FOA (50 μg/ml Ura, 0.1% FOA). 
Ura4-minus transformants were selected and screened by PCR 
for the cdc18 3HA+ gene. The plasmid was cured by outgrowth on 
nonselective media and all subsequent experiments were carried 
out in presence of 5 ug/ml of thiamine.

To construct strains with GFP-Swi6 mutations, two step 
cloning was performed. First, pET15a-6 his-Flag-Swi6 mutants 
(see below) were digested with NotI/BglII and cloned into 
pBAR1253-GFP vector. The GFP-swi6 mutant constructs were 
further digested with PstI/SacI and cloned into integration plas-
mid pJK148. The plasmid was linearized by NruI and integrated 
into the leu1-32 locus in strain FY2228, which has no endogenous 

Materials and Methods

Yeast strains and media. Strains used in this study are listed 
in Supplemental Table 1. Fission yeast strains were grown 
and maintained on yeast extract plus supplements (YES) or 
Edinburgh minimal media (EMM) with appropriate supple-
ments, using standard techniques.57 Mating was performed on 
synthetic sporulation agar (SPAS) or Malt Extract (ME) plates 
for 2–3 days at 25°C. Temperature sensitive cells were grown at 
25°C and non-ts cells at 32°C. Transformations were carried out 
by electroporation. G418 plates were YES supplemented with 100 
μg/ml G418 (Sigma). Double mutants were constructed by stan-
dard tetrad analysis or random spore analysis. TBZ plates were 
EMM supplemented with 17 μg/ml TBZ (Sigma). For silencing 
assay, glutamate was used to replace NH

4
Cl as nitrogen source 

and 0.1% FOA was used.
Yeast two-hybrid screen. A two-hybrid screen was performed 

with S. cerevisae reporter strain PJ694A, two S. pombe cDNA 
libraries (provided by Dr. G. Hannon and Dr. S. Elledge) and the 
pDBTrpcdc18 bait plasmid. The screen was performed according 
to Clontech Matchmaker protocol. The pDBTrpcdc18 plasmid 
was constructed as follow; the ORF encoding Cdc18 protein was 
amplified by PCR and cloned as a Sal1/Not1 fragment into the 
pBDTrp vector (Invitrogen Life Technologies).

Expression and purification of fusion proteins. For the 
fusion plasmid MAL-Myc-tagged Cdc18, the Myc epitope tag 
was first cloned as a BamHI/XbaI fragment into the pMAL-
c2X vector (New England Biolabs) followed by the insertion 
of the cdc18+ gene (using Stu1/Xba1 digestion sites). Deletion 
mutants of Cdc18 were generated by PCR and also inserted as 
Stu1/Xba1 fragments. Site-directed mutagenesis was performed 
using QuickChange PCR (Stratagene). Constructs were trans-
fected in the E. coli derived BL21-Gold(DE3) competent cells 
(Stratagene) and the fusion proteins were purified using amylose 
resin as directed by the manufacturer (New England Biolabs 
(NEB) pMALTM ProteinPurification System protocols). Briefly, 
the expression strains were grown in LB and protein expression 
was induced with 0.35 mM IPTG for 5 hrs at 20°C. Cells were 
harvested and the pellet was washed and resuspended in Amylose 
Column Buffer (20 mM Tris-HCl pH 7.5, 0.5 M NaCl, 1 mM 
EDTA pH 8.0, 10 mM ß-mercaptoethanol, 10% glycerol, 1% 
Triton-X100, 2.5 μg/ml soybean trypsin inhibitor, 4 μg/ml apro-
tinin, 2 mM pefabloc, 20 μg/ml leupeptin, 20 μg/ml bestatin, 
50 μg/ml TLCK, 2 μg/ml pepstatin) and then frozen at -20°C. 
For the purification, cells were broken and the crude extracts 
were added to amylose resin. Beads were washed with Amylose 
Column Buffer and the protein was eluted with 10 mM maltose. 
Purified protein was stored at -80°C.

The fusion plasmid 6 his-FLAG-Swi6 was constructed as fol-
low: the FLAG epitope tag was first cloned as a Xho1/BamH1 
fragment into the pET15b vector (Novagene) followed by 
the insertion of the Swi6+ gene (using Stu1/BamH1 digestion 
sites). Deletion mutants of Swi6 were generated by PCR and 
also inserted as Stu1/BamH1 fragments. Site-directed muta-
genesis was performed using QuickChange PCR (Stratagene). 
Recombinant proteins were expressed in E. coli derived 



334	 Cell Cycle	 Volume 10 Issue 2

of pull-down buffer PB. The beads were finally resuspended in PB 
and analysed on gel. Cdc18 detected (Santa Cruz) and Swi6 with 
(Sigma). The beads were finally resuspended in 1x LB and the 
bound proteins were analysed by SDS-PAGE. Cdc18 was detected 
by immunoblotting with anti-Myc monoclonal antibody (9E10). 
FLAG-Swi6 was detected with anti-FLAG monoclonal antibody 
(M2) and the endogenous Swi6 with anti-Swi6. Pull-down assays 
carried out without pre-incubation with 6 his-FLAG-Swi6 was 
included as a negative control. The anti-HA monoclonal antibody 
(F7) and anti-Myc monoclonal antibody (9E10) were purchased 
from Santa Cruz Biotechnology. The anti-FLAG monoclonal 
antibody (M2) was purchased from Sigma. The anti-Swi6 poly-
clonal antibody was raised by injecting a rabbit with purified 6 
his-FLAG-Swi6.

Silencing assay. Silencing assays were performed described 
previously in reference 48. with the following modifications. 
Cells were grown to mid-log phase to 5–10 x 106 cells/ml and 
spotted on selective medium with 1:5 or 1:10 serial dilutions. 
For ura4+ expression, cells were spotted on PMG lacking uracil, 
non-selective medium or non-selective with 1 g/L of 5' FOA. For 
ade6+ expression, cells were spotted on EMM lacking adenine, 
10 mg/L of adenine or non-selective medium. Cells were grown 
at 32°C for 3–4 days.

RT-PCR. Cells were grown to mid-log phase and broken in 
RNA lysis buffer (50 mM NaOAC, 10 mM EDTA, 1% SDS) 
by acid-washed glass beads. Total RNA was extracted by phenol-
chloroform and phenol:chloroform:isoamyl extraction followed 
by ethanol precipitation. Total RNA was resuspended in TE and 
checked for integrity by formaldehyde/agarose electrophoresis. 
The cDNA strand was synthesized with equal amount of total 
RNA using First-strand cDNA synthesis kit (Amersham) follow-
ing the manufacturer’s instructions. The amount of ura4+ RNA 
expression was determined by PCR and analyzed by BioRad FX 
machine and Quantity One software. Results were plotted as 
fold expression relative to the mini-gene ura4DS/E, located at the 
endogenous ura4+ locus.

Chromatin immunoprecipitation. Cells were grown to mid-
exponential phase and cross-linked with 1% formaldehyde at 
room temp for 15 min. The reaction was stopped by 125 mM 
Glycine at room temp for 5 min. Cells were washed once with 
TBS and transferred to a 2 ml screw-cap tube. After suspending 
in 500 μl of ice-cold ChIP lysis buffer (50 mM HEPES/KOH 
pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1%) 
Na-Deoxycholate, protease inhibitors cocktail (P8215, Sigma) 
and 500 μl acid-washed glass-beads (Sigma), cells were broken 
by Fast-Prep (power 5.5, 45 sec repeated 3 times) or vortex (5 min 
for 3 times). The genomic DNA was sheared by sonication to 
between 500–1,000 bp. 2 mg of the cell lysate was pre-cleared by 
incubation with 30 μl of protein A beads (ThermoScientific) at 
4°C for 1 hour. Swi6 antibody,37 GFP antibody (ab-290, Abcam) 
or H3K9me3 antibody (ab-8898, Abcam) was used for immuno-
precipitation at 4°C for 2–3 hours. After incubation with 30 μl 
of protein A beads at 4°C for 1 hour, the beads were washed by 
the following buffers on the rotator for 5 min each: 1 ml of ChIP 
lysis buffer for twice, 1 ml of ChIP lysis buffer/500 mM NaCl, 
1 ml of Wash buffer (10 mM Tris/HCl pH 8, 250 mM LiCl, 

swi6+. Leu+ transformants were selected and confirmed by west-
ern blot using Swi6 antibody.

Immunoprecipitation. Cells (1L) co-expressing Cdc18 
tagged-3HA and FLAG-tagged Swi6 proteins were grown to log 
phase and then blocked in G

1
 with 25 mM hydroxyurea (HU) 

for 4 h. Cells were harvested and washed first with ice-cold water 
followed by a wash with 1x Lysis Buffer (LB) (50 mM Hepes pH 
7.5, 1 mM EDTA pH 8.0, 200 mM NaCl, 1 mM b-mercapto-
ethanol, 10% glycerol, 0.5% Triton X-100). Cells were pelleted, 
weighed and resuspended in an equal volume 2x LB (containing 
the following protease inhibitors 2 mM pefabloc, 10 mM benza-
midine, 10 μg/ml leupeptin, 20 μg/ml bestatin, 2 μg/ml pep-
statin A, 10 μg/ml aprotinin, 2 mM soybean trypsin inhibitor, 
40 μg/ml TLCK). Cells in suspension were dropped into liquid 
nitrogen. The frozen cell suspension was stored at -80°C. To pre-
pare extracts, cells were broken with a coffee mill. Briefly, 60 g 
dry ice was reduced to powder in a pre-chilled coffee mill. The 
frozen cell suspension was added to the chamber and grounded 
for 5 minutes with constant agitation. The extract was collected, 
placed on ice and the dry ice was left to sublimate. The extract 
was centrifuged in a tabletop Eppendorf centrifuge at 14,000 
rpm for 20 minutes at 4°C. The resulting supernatant was spun 
at 100,000 g for 45 minutes at 4°C. The supernatant was recov-
ered, added to 500 μl anti-FLAG (M2) agarose beads (Sigma) 
and incubated for 1 h at 4°C with gentle agitation. The beads 
were pelleted and washed with 20 beads volume of 1 X LB. The 
beads were finally resuspended in 1x LB and the bound proteins 
were analysed by SDS-PAGE. Cdc18 was detected by immunob-
lotting with anti-HA monoclonal antibody (F7). FLAG-Swi6 
was detected with anti-FLAG monoclonal antibody (M2) and 
the endogenous Swi6 with anti-Swi6. Immunoprecipitation 
assays carried out with the FLAG peptide competitor or without 
anti-FLAG (non-conjugated sepharose beads were included as a 
negative control).

Dimerization of Swi6 mutants was determined by co-immu-
niprecipitation of GFP-swi6 and Flag-swi6. GFP-swi6 integrated 
cells were transformed with either pREP81X-Flag (#1604) or 
pREP81X Flag-Swi6 plasmids (#1605, 1606, 1607) carried the 
same swi6 mutation, and grown in selected medium. 2 μg of 
soluble protein in B88 lysis buffer, with protease and phospha-
tase inhibitors, was immunoprecipitated with 10 μl of FLAG 
M2-agarose conjugated beads (Sigma). Co-immunoprecipitation 
was detected by western blotting with anti-Swi6 antibodies. Two 
transformed colonies were tested for each mutant.

In vitro co-precipitation assay. Pull-down assay were carried 
out with purified 6 his-FLAG-Swi6 and MAL-Myc-tagged Cdc18 
proteins. 0.3 μg 6 his-FLAG-Swi6 was added to 50 μl anti-FLAG 
(M2) agarose beads and incubated for 1 h at 4°C with gentle agi-
tation. Beads were washed 5 times with 1 ml of pull-down buffer 
(PB) (50 mM Hepes pH 7.5, 150 mM NaCl, 2.5 mM MgCl

2
, 1 

mM b-mercaptoethanol, 10% glycerol, 2.5 μg/ml soybean trysp-
sin inhibitor, 4 μg/ml aprotinin, 2 mM pefabloc, 20 μg/ml leu-
peptin, 20 μg/ml bestatin, 40 μg/ml TLCK, 2 μg/ml pepstatin, 
1% triton X-100). 0.3 μg MAL-Myc-tagged Cdc18 proteins was 
added to anti-FLAG (M2) agarose beads and incubated for 1 h at 
4°C with gentle agitation. Beads were washed 5 times with 1 ml 
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