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SUMMARY

Genome/chromosome organization is highly ordered
and controls various nuclear events, although the
molecular mechanisms underlying the functional
organization remain largely unknown. Here, we
show that the TATA box-binding protein (TBP) inter-
acts with the Cnd2 kleisin subunit of condensin to
mediate interphase andmitotic chromosomal organi-
zation in fission yeast. TBP recruits condensin onto
RNA polymerase III-transcribed (Pol III) genes and
highly transcribed Pol II genes; condensin in turn as-
sociates these genes with centromeres. Inhibition of
the Cnd2-TBP interaction disrupts condensin locali-
zation across the genome and the proper assembly
of mitotic chromosomes, leading to severe defects
in chromosome segregation and eventually causing
cellular lethality. We propose that the Cnd2-TBP
interaction coordinates transcription with chromo-
somal architecture by linking dispersed gene loci
with centromeres. This chromosome arrangement
can contribute to the efficient transmission of
physical force at the kinetochore to chromosomal
arms, thereby supporting the fidelity of chromosome
segregation.

INTRODUCTION

Protein complexes containing structural maintenance of chro-

mosome (SMC) factors form ring-shaped structures and function

as chromatin linkers (Hirano, 2006). The two best-known SMC

complexes, namely condensin and cohesin, play major roles in

mitotic chromosome assembly and in holding sister chromatids

together, respectively (Nasmyth andHaering, 2005). Importantly,

recent evidence suggests that the condensin and cohesin com-

plexes are also involved in various nuclear processes through

their genome-organizing activities (Wood et al., 2010). Although

it is accepted that cohesin mediates genome-wide associa-

tions and activates gene expression by mediating interactions

between enhancers and promoters, how condensin drives the
Molec
functional organization of the genome has remained elusive

(Kagey et al., 2010).

Recent studies have shown that mitotic chromosomes can

largely be compacted in the absence of condensin in several

organisms, although partial decondensation is observed (Hag-

strom et al., 2002; Hudson et al., 2003; Steffensen et al., 2001).

Importantly, the mitotic chromosome structure appears to be

disorganized in the absence of condensin, and sister chromatids

are entangled (Hagstrom et al., 2002; Hudson et al., 2003; Saka

et al., 1994). Therefore, condensin mediates the establishment

of an integral configuration of mitotic chromosomes, which is

required for the fidelity of chromosome segregation, and also

plays a limited role in chromosome compaction. Critical ques-

tions that remain are how the specific mitotic chromosome

structure is assembled by the condensin complex and how the

properly assembled architecture promotes correct chromosome

segregation during mitosis.

Using fission yeast as a model system, we have studied

condensin-mediated genome organizations and their roles in nu-

clear events and demonstrated that Pol III genes, such as tRNA

and 5S rRNA genes dispersed across the chromosomal arms,

associate with centromeres (Iwasaki et al., 2010; Tanaka et al.,

2012). We now show that condensin is recruited to Pol III genes

and highly transcribed Pol II genes through its interaction with

TBP, thereby mediating associations between these genes and

centromeres. Using cnd2 condensin mutations that inhibit the

Cnd2-TBP interaction, we show that failure of Cnd2 to bind to

TBP disrupts condensin binding across the genome, impairs

the proper assembly of mitotic chromosomes, and causes a

severe defect in the segregation of genes, followed by cellular

lethality. In summary, the Cnd2-TBP interaction identified by

this study plays a pivotal role in 3D chromosome organization

and ensures the fidelity of the segregation of actively transcribed

genes.

RESULTS

Interaction between the Cnd2 Condensin Subunit and
TBP
Wepreviously found that condensin mediates clustering of Pol III

genes at centromeres in fission yeast, although the molecular

mechanism underlying this genome organization was not clear.

Our hypothesis was that a component of the Pol III transcription
ular Cell 59, 755–767, September 3, 2015 ª2015 Elsevier Inc. 755
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Figure 1. Co-localization of the Cut14 Condensin Subunit and Tbp1

(A) Chromosomal distribution profiles of Cut14 and the components of the Pol III transcription machinery were determined by a ChIP-seq approach.

(B) The genomic region indicated by the red arrow in (A) is magnified to exemplify the similar binding profiles of the Cut14 condensin subunit and Tbp1. The COC

region, which was only bound by TFIIIC, had a negligible binding peak of Cut14 (Noma et al., 2006).

(C) Average binding patterns of Cut14 and Tbp1 proteins at tRNA genes.

(D) Venn diagram showing the overlap between binding sites of Cut14-myc and Tbp1-myc. Significant peaks locatedwithin samewindows (300 bp) were counted

as co-localization.

(E) Significance of co-localization between Cut14 and Tbp1. Cut14 and Tbp1 binding peaks were assigned to 1 kb windows, and common peaks were counted.

The same number of 1 kb windows as Cut14 binding peaks were randomly selected from the entire genome, and any overlap with Tbp1 peaks was counted as

co-localization. This random sampling was repeated 10,000 times and the background distribution of co-localization was used to calculate the p value

(permutation test).

(F) The S. pombe genome was divided into non-overlapping windows (5 kb). Average scores of Cut14-myc and Tbp1-myc for every window were plotted.
machinery must recruit condensin to Pol III genes. If this is cor-

rect, then condensin and the Pol III machinery should co-localize

across the fission yeast genome. To explore this possibility, we

performed chromatin immunoprecipitation sequencing (ChIP-

seq), a chromatin immunoprecipitation assay combined with

next-generation sequencing, and examined genome-wide distri-

butions of condensin and the Pol III transcription machinery
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(Figure 1A). Pol III transcription requires the transcription factor

complexes (TFIIIA, TFIIIB, and TFIIIC) that direct the accurate

positioning of Pol III on tRNA and 5S rRNA genes (Huang and

Maraia, 2001). We observed that the Cut14 condensin subunit

generally co-localized with the Pol III transcriptional machinery

and that Cut14 binding peaks were frequently associated with

peaks of the TATA box-binding protein (TBP), Tbp1, in fission
nc.
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Figure 2. Interaction between the Cnd2 Con-

densin Subunit and Tbp1

(A) Two-hybrid analysis for the components of con-

densin, TFIIIB, and TFIIIC complexes. The square

shadow positioned at the Cnd1-Sfc9 combination

reflects a pattern of culture dish.

(B) CoIP result showing the interaction between the

Cnd2 condensin subunit and Tbp1. CoIP assay was

performed with and without DNase I treatment. DNA

digestion was verified by a PCR-based assay to

detect act1+ gene region as a control (bottom).

(C) CoIP assay was performed to investigate the

association between condensin (Cut14) and the

components of the RNA Pol III transcription ma-

chinery, including TFIIIB subunits (Tbp1, Brf1, and

Bdp1), RNA Pol III subunit (Rpc25), and TFIIIC sub-

unit (Sfc6).

See also Figure S1.
yeast (Figure 1B). Binding peaks for Cut14 and Tbp1 at tRNA

genes were located at the exact same position (Figure 1C). In

addition, binding sites of Cut14 and Tbp1 throughout the

genome overlapped in a highly significant manner (Figures 1D

and 1E). Moreover, the ChIP enrichment values of Cut14 and

Tbp1 showed a clear correlation across the entire genome (Pear-

son’s r = 0.811; Figure 1F). These data suggest that Tbp1 might

recruit condensin to Pol III genes.

To more closely investigate interactions between condensin

and the Pol III transcription machinery, we performed yeast

two-hybrid analyses and comprehensively examined interac-

tions between all 14 proteins of the condensin, TFIIIB, and TFIIIC

complexes (Figures 2A and S1A). Among the many interactions

detected between the components of the respective complexes,

we observed the interactions of the Cnd2 condensin subunit with

Tbp1 and the Sfc4 TFIIIC subunit. Moreover, using a co-immu-

noprecipitation (coIP) assay, we could reproducibly show that

Cnd2 interacts with Tbp1 and Sfc4 and that these interactions

remained even after DNase I treatment (Figures 2B and S1B).

We also performed coIP analysis to investigate the association

between another condensin subunit, Cut14, and the various

components of the Pol III transcription machinery; this analysis
Molecular Cell 59, 755–767,
revealed that Cut14 associates with Tbp1,

suggesting that the condensin complex

associates with Tbp1 through the Cnd2-

Tbp1 interaction (Figure 2C). This interac-

tion was observed in G2 and mitotic

cells, suggesting that Tbp1 and condensin

associate constitutively during the cell

cycle (Figure S1C). To examine whether

Cnd2 directly binds to Tbp1, we investi-

gated the interaction between Cnd2 and

Tbp1 proteins that were overexpressed

more than 100 times compared to the

endogenous proteins (Basi et al., 1993).

We found reciprocal interactions between

these overexpressed proteins (Figure S1D).

We also performed in vitro binding assays

using recombinant Cnd2 and Tbp1 pro-
teins purified form E. coli cells and further demonstrated that

Cnd2 interacts with Tbp1 (Figure S1E). These data consistently

suggest that Tbp1 directly interacts with the Cnd2 condensin

subunit and may recruit condensin to Pol III genes.

Recruitment of Condensin via Tbp1
Since it was not clear whether Tbp1 alone is sufficient for the

recruitment of condensin to Pol III genes, we developed a sys-

tem to directly test the hypothesis that tethering of Tbp1 could

result in the recruitment of condensin to a chromatin locus (Fig-

ure 3A; Yamazaki et al., 2012). Specifically, we integrated lacO

repeats to the c887 non-Pol III gene locus, where no significant

condensin binding peaks were observed in our previous ChIP-

seq data (Kim et al., 2013; Tanaka et al., 2012). We also made

strains expressing either Cut3 (condensin)-LacI-3Flag or Tbp1-

LacI-3Flag (Figures 3A and S2A). After expressing Cut3-LacI-

3Flag, we observed the ChIP enrichment of both the Cut3

and Cut14 condensin subunits at the lacO locus, suggesting

that Cut14 can be recruited to the lacO locus as a part of the

condensin complex through specific binding of Cut3-LacI-

3Flag to the lacO repeats (Figure S2B). More importantly, we

observed that tethering of Tbp1-LacI-3Flag resulted in Cut14
September 3, 2015 ª2015 Elsevier Inc. 757
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Figure 3. Tbp1 Recruits Condensin

(A) Tbp1 fused to LacI-3Flag is tethered to lacO repeats at the c887 non-Pol III gene locus.

(B) Tbp1 tethering is sufficient to recruit condensin to the lacO region. Cells expressing Tbp1, Sfc4, or Rpc25 fused to LacI-3Flag were subjected to ChIP

experiments. ChIP analysis was performed as described in Figure S2B. Data are represented as mean ± SD.

(C) Representative FISH results showing the c887 lacO locus (green) and centromeres (red) in interphase cells expressing Tbp1-LacI-3Flag or carrying an empty

vector (N.C.).

(D) The c887 lacO locus frequently localizes near centromeres in interphase cells expressing Tbp1-LacI-3Flag. The distance between the lacO locus and

centromeres was measured in more than 100 cells, and FISH data were summarized as detailed in Figure S2D.

(E) FISH data showing the c887L (red) and c887R (green) regions inmitotic cells expressing Tbp1-LacI-3Flag or carrying an empty vector (N.C.). FISH analysis was

accompanied by IF staining, which visualizes spindle microtubules. Mitotic cells were defined by spindle staining.

(F) Local chromosomal compaction around the lacO locus is promoted by expression of Tbp1-LacI-3Flag. FISH-IF analysis was performed as described in

Figure S2F.

(G) Local chromosomal compaction driven by Tbp1-LacI-3Flag is diminished by the cut3-477 condensin mutation.Wild-type or cut3-477mutant cells expressing

Tbp1-LacI-3Flag were cultured at restrictive temperature (36�C) for 2 hr prior to FISH-IF analysis.

See also Figure S2.
loading to the lacO locus, firmly establishing that Tbp1 is suffi-

cient to recruit condensin to chromatin (Figure 3B). In contrast,

tethering of the Sfc4 TFIIIC and Rpc25 Pol III subunits fused to

LacI-3Flag did not cause Cut14 localization at the lacO locus

(Figure 3B).
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Condensin Recruited by Tbp1 Mediates Centromeric
Localization of a Gene Locus and Local Chromosomal
Compaction during Mitosis
Using the tethering system, we also examined the associa-

tion of the lacO locus with centromeres by fluorescent in situ
nc.



hybridization (FISH) analysis during interphase (Figures 3C and

S2C). We found that when Tbp1-LacI or Cut3-LacI was ex-

pressed, the lacO locus was frequently located near centro-

meres and that the localization patterns in cells with and without

expression of the LacI-fused proteins were significantly different

(p < 0.001, Mann-Whitney U test), indicating that condensin re-

cruited by Tbp1-LacI and Cut3-LacI canmediate the association

between a genetic locus and centromeres (Figures 3D and S2D).

Since centromeric association of a gene locus is a transient

event during interphase, the association is scored as a frequency

of localization of the locus near centromeres (Kim et al., 2013). In

addition, we examined local chromosomal compaction around

the c887 lacO locus in mitotic cells (Figures 3E and S2E). We

observed that the two foci representing the c887L and c887R

regions were completely overlapped in more than 50%of mitotic

cells when Tbp1-LacI or Cut3-LacI was expressed (Figures 3F

and S2F). In contrast, we primarily observed two separate foci

without expression of the LacI-fused proteins, indicating that

local chromosomal compaction was significantly facilitated

by condensin molecules recruited by Tbp1-LacI or Cut3-LacI

(p < 0.001, Mann-Whitney U test). We also observed that local

compaction mediated by Tbp1-LacI was diminished in the

cut3-477 condensin mutant, suggesting that local chromosomal

compaction induced by Tbp1-LacI is dependent on condensin

activity (Figure 3G). Together, these results suggest that Tbp1-

mediated recruitment of condensin can cause centromeric

association of a gene locus and local chromosome compaction

during mitosis (Figure S2G). Since condensin tethering via Tbp1-

LacI and Cut3-LacI has the same effects on centromeric locali-

zation of the gene locus and local chromosomal compaction,

we conclude that condensin localization is sufficient for driving

these molecular processes.

The C-Terminal Domain of Cnd2 Is Required for Its
Interaction with Tbp1
Thus far, our study supports the premise that the Cnd2-Tbp1

interaction mediates condensin localization at Pol III genes,

thereby leading to associations between Pol III genes and cen-

tromeres. To further test this hypothesis, we sought specific

cnd2 mutations that might impair or abolish the interaction be-

tween Cnd2 and Tbp1. Toward this end, we carried out a genetic

screen employing the yeast two-hybrid system (Figure S3A). By

monitoring yeast two-hybrid phenotypes reflecting the Cnd2

interaction with TBP and Cnd3, we isolated specific cnd2 gene

mutations (m1, m2, and m3) from more than 2,000 independent

colonies (Figure 4A). Two of the cnd2 mutations, cnd2-m1 and

m2, abolished the Cnd2-Tbp1 interaction but did not affect the

Cnd2-Cnd3 interaction, which plays a role in condensin complex

formation (Figure 4B). In contrast, the cnd2-m3 mutation abol-

ished the Cnd2-Cnd3 interaction but did not drastically affect

the Cnd2-Tbp1 interaction (Figure 4B). CoIP analysis to examine

the interactions in fission yeast cells revealed that the Cnd2-

Tbp1 interaction was impaired by the cnd2-m1 and m2 muta-

tions, but not by the m3 mutation (Figure 4C). On the other

hand, the Cnd2-Cnd3 interaction was only disrupted by the

cnd2-m3 mutation (Figure 4D). Interestingly, the C-terminal

domain of Cnd2 is eliminated by the cnd2-m1 andm2mutations,

as they contain nonsensemutations (Figure 4A).We thus created
Molec
a C-terminal deletion mutation, D176, which deletes the last 176

aa residues of the C terminus but otherwise encodes wild-type

Cnd2. The cnd2-D176 mutation specifically compromised the

Cnd2-Tbp1 interaction, but not the Cnd2 interaction with Cnd3

(Figures 4C and 4D). These results indicate that the 176 aa

domain of the Cnd2 C terminus is important for its interaction

with Tbp1 but is dispensable for the Cnd3 interaction.

The kleisin subunit interacts with all other condensin subunits

to assemble the condensin complex (Figure 2A; Onn et al., 2007).

Therefore, we next investigated the effect of the cnd2mutations

on condensin complex formation (Figure 4E). After purification of

Cnd2-Flag and its associating proteins, we observed interac-

tions of Cnd2-m1, m2, and D176 with Cnd1 and Cnd3, but not

with the Cut3 SMC subunit of condensin. We also detected the

interaction of Cnd2-D176 with another SMC subunit, Cut14,

although this interaction was weaker than the wild-type Cnd2-

Cut14 interaction. This may be because the Cnd2-Cut14 interac-

tion is strengthened by a Cnd2-Cut3 interaction. These results

collectively indicate that the 176 aa domain of the Cnd2 C termi-

nus mediates its interaction with Tbp1 and Cut3.

A Ten-Residue Domain of the Cnd2 C Terminus Is
Critical for the Tbp1 Interaction
Because the cnd2-D176mutation has an inhibitory effect on the

Cnd2-Tbp1 interaction, we predicted that this 176 aa domain of

the Cnd2 C terminus harbors an interaction surface for Tbp1. To

explore this further, we generated 18 cnd2 mutants carrying a

series of ten-residue deletions within the C-terminal domain (Fig-

ure S3B). Somewhat unexpectedly, our yeast two-hybrid data on

these mutants indicated that they did not affect the Cnd2-Tbp1

interaction, while cells expressing the Cnd2-d7, d8, and d14

showed an auto-activation phenotype (Figure S3C). As this

phenotype is known to interfere with the two-hybrid assay (Van

Criekinge and Beyaert, 1999), we next assessed the interaction

of these mutant proteins with Tbp1 using the co-immunoprecip-

itation assay. We observed that the d14 mutation strongly

affected the Cnd2-Tbp1 interaction compared to the d7 and

d8 mutations (Figure S3D). Moreover, the Cnd2 interaction with

the Cut3 SMC subunit was also severely impaired by the d14

mutation (Figure S3E). These data suggest that the ten residues

removed by the d14 mutation play important roles in the Cnd2

interactions with both Tbp1 and Cut3.

The cnd2 Point Mutation Inhibits the Cnd2-Tbp1
Interaction
The C-terminal domain of the kleisin subunit is evolutionarily

conserved from bacteria to human and is predicted to fold into

a specific protein structure, referred to as winged helix (Fen-

nell-Fezzie et al., 2005). We noted that the d14 domain of the

Cnd2 C terminus is located within a helix of the conserved

winged-helix motif. Next, we generated three point mutations

(F701R, C703R, and L705R) in the d14 domain (Figure 4F).

CoIP analysis indicated that these point mutations consistently

disrupt the Cnd2-Tbp1 interaction (Figure 4G). Importantly,

only the cnd2-C703Rmutation did not affect the condensin com-

plex assembly, whereas the F701R and L705R mutations

compromised the Cnd2-Cut3 interaction (Figure 4H). These

results indicate that the Cnd2-Tbp1 interaction is specifically
ular Cell 59, 755–767, September 3, 2015 ª2015 Elsevier Inc. 759
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Figure 4. The cnd2 Point Mutations Inhibit the

Cnd2-Tbp1 Interaction

(A) Mapping of the cnd2-m1,m2, andm3mutations.

(B) Two-hybrid analysis to examine the interactions

of mutant Cnd2 with Tbp1 and the Cnd3 condensin

subunit.

(C) CoIP analysis for the interaction between

mutant Cnd2 and Tbp1. Wild-type and mutant

Cnd2 proteins were expressed from ura4/ars1/

pUC19-based plasmids carrying its endogenous

promoter.

(D) CoIP analysis for the interaction between mutant

Cnd2 and the Cnd3 condensin subunit.

(E) Disruption of condensin complex formation by

the cnd2 mutations. Cnd2-Flag and its interacting

proteins were affinity purified using anti-Flag M2

magnetic beads and visualized by silver staining.

The analysis was carried out as described in Fig-

ure S3E.

(F) The three cnd2 point mutations. An alignment of

the kleisin condensin subunits from different species

is shown. Amino acid residues identical to the fission

yeast Cnd2 are boxed. Asterisks indicate the

conserved residues among the species.

(G) CoIP analysis testing the interaction be-

tween mutant Cnd2 (F701R, C703R, and L705R)

and Tbp1. The experiment was performed as

described in (C).

(H) Effects of the cnd2 point mutations on con-

densin complex formation were investigated as

described in (E).

(I) Ribbon representation of the Cnd2 C-terminal

domain (residues from 668 to 733). The C-terminal

portion of Cnd2 has 27% sequence identity to the

budding yeast Scc1 cohesin subunit, which

comprises a winged-helix motif (PDB ID: 1W1W)

(Haering et al., 2004). The model of Cnd2 was

generated using PHYRE 2 (Kelley and Sternberg,

2009).

See also Figure S3.
inhibited by the cnd2-C703R mutation without affecting the

formation of the condensin complex. The C703R mutation is

therefore most useful for probing the function of the conden-

sin-TBP interaction.

We modeled the protein structure of the Cnd2 C terminus and

found that the F701 and L705 residues have their side chains on

one side of the helix present within the winged-helix domain,

while the side chain of the C703 residue faces the opposite

side (Figure 4I). It has previously been shown that the cognate

mutations (F701R and L705R in fission yeast) within the Scc1

kleisin subunit of the budding yeast cohesin complex abolish

the interaction between Scc1 and Smc1 and that the helix within

the winged-helix domain makes contact with the Smc1 head

domain (Haering et al., 2004). Therefore, we speculate that one

side of the helix within the winged-helix of the Cnd2 C terminus

probably mediates the Cut3 interaction and the C703 residue

on the other side is potentially involved in the Tbp1 interaction.

It is also possible that the cnd2-C703R mutation affects the

confirmation of the Cnd2 C terminus in such a way that it inhibits

the Cnd2-Tbp1 interaction.
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Cnd2-Tbp1 Interaction Is Essential for Faithful
Chromosome Segregation
It is known that the condensin complex is essential for the viability

of fission yeast cells (Saka et al., 1994; Sutani et al., 1999). We

tested whether the expression of mutant Cnd2 can restore cell

viability after endogenous Cnd2 proteins were depleted by the

auxin-based degron system (Kanke et al., 2011; Nishimura

et al., 2009). We found that expression of only wild-type Cnd2

restored cell viability, whereas mutant Cnd2 (F701R, C703R,

and L705R) failed, suggesting that the Cnd2-Tbp1 interaction

plays a vital role in condensin functions (Figure 5A). We also

found that mutant Cnd2 was not efficiently loaded onto mitotic

chromosomes compared to wild-type Cnd2, indicating that the

Cnd2-Tbp1 interaction is required for the association of conden-

sin molecules with mitotic chromosomes (Figure 5B).

Surprisingly, after 4 hr of Cnd2 depletion, expression ofmutant

Cnd2 proteins resulted inmitotic defects inmore than 50%of the

cells, whereas expression of wild-type Cnd2 did not affect

mitotic chromosome segregation (Figure 5C). In wild-type

anaphase cells, we observed that centromeres associating
nc.
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Figure 5. The cnd2 Point Mutation Causes Chromosome Segregation Defects

(A) Expression of mutant Cnd2 does not suppress a growth defect caused by Cnd2 depletion. Endogenous Cnd2 proteins were depleted by adding auxin and

thiamine into culture medium, and wild-type and mutant Cnd2 were expressed from plasmids. Logarithmically growing cells were plated onto EMM (control) and

EMM + auxin + thiamine plates.

(B) Localization of Cnd2 proteins. Wild-type andmutant Cnd2 were visualized using GFP fusion proteins (green). GFP signals were detected in ethanol-fixed cells

(Dovey and Russell, 2007).

(C) Mitotic defects are accumulated in cells expressing mutant Cnd2. Wild-type and mutant Cnd2 proteins were continuously expressed from plasmids, and

endogenous Cnd2 proteins were depleted by the degron system. Cells were subjected to IF experiments to visualize tubulin and DAPI signals, and mitotic cells

were defined by spindle staining. In fission yeast, mitotic defects are observed as stretched chromosomes (Saka et al., 1994). The percentage of mitotic defects is

plotted against time.

(D) Expression of Cnd2-C703R causes a chromosomal segregation defect. Representative IF images show tubulin (red) and DAPI signals (blue) in anaphase cells

(top). FISH images represent the c417 Pol III gene locus (green), centromeres (red), and DAPI signals (blue, middle). Intra-nuclear positioning of the Pol III gene

locus and centromeres is depicted in the schematic diagrams (bottom).

(E) ChIP results showing enrichment of Cnd2-Flag proteins (WT, F701R, C703R, and L705R) at the indicated loci. Endogenous Cnd2 proteins were depleted for

2 hr, when most cells were in interphase. The same conditions were used for the experiments described in (F) and (G).

(F) ChIP data representing Tbp1 localization in cells expressing wild-type or mutant Cnd2.

(G) FISH results showing centromeric localization of the c417 Pol III gene locus in cells expressing wild-type or mutant Cnd2 proteins. Representative FISH

images visualizing the Pol III gene locus (green) and centromeres (red) are shown at the bottom. FISH data were summarized as described in Figure S2D.

(H) Tethering of Cnd2-C703R to the c887 lacO locus triggers condensin localization at the locus. Cnd2 proteins (WT, C703R, and F701R) fused to LacI-3Flag were

expressed from plasmids. ChIP analysis was performed as described in Figure S2B.

(legend continued on next page)
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with the Pol III gene locus were pulled by the spindle microtu-

bules and the mitotic chromosomes were properly segregated

(left panels in Figure 5D). In contrast, in the cnd2-C703Rmutant,

we found that the Pol III gene locus was detached from cen-

tromeres, while centromeres were still pulled by the microtu-

bules, causing a defect inmitotic chromosome segregation (right

panels in Figure 5D). These results suggest that the Cnd2-Tbp1

interaction is required for a faithful segregation of mitotic chro-

mosomes and thereby cell viability.

Cnd2-Tbp1 Interaction Mediates Condensin Loading
onto Pol III Genes
Using the cnd2 point mutations, we tested whether the Cnd2-

Tbp1 interaction functions in the recruitment of condensin mole-

cules onto Pol III genes. We found that the cnd2 point mutations

impaired Cnd2 localization at Pol III genes, but Tbp1 binding was

not affected, suggesting that the Cnd2-Tbp1 interaction is

required for condensin loading onto Pol III genes (Figures 5E

and 5F). As a result, the condensin-mediated association be-

tween the Pol III gene locus and centromeres was significantly

impaired by the cnd2 mutations (p < 0.001, Mann-Whitney U

test; Figure 5G).

Interestingly, Cnd2 localization at the centromere (cnt1) was

reduced by the cnd2 mutations, suggesting that the Cnd2-

Tbp1 interaction is required for condensin localization not only

at Pol III genes but also at centromeres (Figure 5E). To further

examine the effect of the cnd2mutations on condensin distribu-

tion, we also performed ChIP-seq analysis and observed that

Cnd2 peaks were associated with genomic regions, including

Pol III genes such as tRNA and 5S rRNA genes, as well as cen-

tromeres (Figure S4A). Localization of mutant Cnd2 proteins

was impaired at Pol III gene regions and the centromere 2 (Fig-

ures S4B and S4C). In addition to Pol III genes and centromeres,

we found that enrichment of mutant Cnd2 proteins (F701R and

C703R) was generally reduced throughout the genome

compared to wild-type Cnd2 (Figures S4A and S4D). Expression

levels of mutant Cnd2 proteins were comparable to that of the

wild-type counterpart (Figure 4G).

We further characterized the cnd2-F701R and C703R muta-

tions using the Cnd2-LacI tethering system. We found that

tethering of Cnd2-C703R-LacI-3Flag to the lacO locus recruits

condensin to the locus and mediates its centromeric association

(Figures 5H and 5I). These results suggest that the cnd2-C703R

mutation specifically inhibits condensin loading. Therefore, by-

passing the Tbp1-dependent recruitment by the LacI-based

tethering allows condensin to drive centromeric association of

the lacO locus. In contrast, the mutant Cnd2-F701R-LacI-3Flag

mediates neither condensin recruitment nor centromeric associ-

ation, because the F701R mutation inhibits condensin complex

formation (Figures 5H and 5I). Together, these results demon-

strate that the Cnd2-Tbp1 interaction mediates condensin
(I) Centromeric localization of the c887 lacO locus in cells expressing Cnd2-C703

(J) Schematic model explaining how condensin-TBP interaction mediates assoc

In the experiments shown in (A)–(G), endogenous Cnd2 proteins were depleted by

from plasmids.

Data in (C), (E), (F), and (H) are represented as mean ± SD.

See also Figure S4.
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recruitment to Pol III genes and association of Pol III genes

with centromeres (Figure 5J).

Highly Transcribed Pol II Genes Associate with
Centromeres
TBP is a general transcription factor essential for transcrip-

tion driven by RNA polymerases I, II, and III (Hernandez, 1993).

Among the Tbp1 binding sites located throughout the genome,

we found that Pol III genes were those most stably bound by

Tbp1 (Figure 1). This preferential localization of Tbp1 at Pol III

genes might be reflective of the transcription frequency of these

genes. To address this possibility, we compared Cnd2 localiza-

tion and transcription levels of Pol II genes. We observed that

Cnd2 enrichment was clearly correlated with transcription levels

of genes and that condensin was most enriched at the most

highly transcribed genes including many ribosomal protein

genes (Figure 6A). Interestingly, we found that Cnd2 binding

peaks were generally positioned downstream of the Tbp1 bind-

ing sites at gene promoters (Figure 6B). Since it has previously

been predicted that condensin slides along chromatin in a tran-

scription-dependent fashion (D’Ambrosio et al., 2008), it is likely

that condensinmolecules recruited by Tbp1 slide along genes. In

addition, we performed a conventional ChIP assay and found

that Tbp1 and Cut14 were co-localized at several highly tran-

scribed Pol II genes, including histone and ribosomal protein

genes (Figures 6C and 6D). We also found that the cnd2 point

mutations, which disrupt the Cnd2-Tbp1 interaction, impaired

Cnd2 localization at the highly transcribed Pol II genes (Figures

6B and 6E). These results suggest that the Cnd2-Tbp1 inter-

action is required for condensin localization at the highly tran-

scribed Pol II genes.

Moreover, the highly transcribed Pol II gene loci were

frequently located near centromeres, and this centromeric local-

izationwas significantly compromised by the cnd2-C703Rmuta-

tion (p < 0.001, Mann-Whitney U test; Figure 6F). In contrast,

localization of the c887 control locus was not affected by the

cnd2 mutation (p > 0.05, Mann-Whitney U test; Figure 6F), indi-

cating that disruption of the centromeric localization of the gene

loci caused by the mutation does not result from indirect global

effects. Moreover, we observed that the Pol II gene loci (hht2

and pwp1) localized at centromeres in wild-type anaphase cells,

whereas the gene loci dissociated from centromeres in the cnd2-

C703R mutant (Figure 6G). These results collectively suggest

that Cnd2-Tbp1 interaction is required for the distribution of

condensin molecules at highly transcribed Pol II genes and their

associations with centromeres.

The tbp1 Mutations Impair Cnd2-Tbp1 Interaction and
Condensin Loading
We next investigated which domain of Tbp1 interacts with

the Cnd2 condensin subunit. To this end, we made 18 tbp1
R fused to LacI-3Flag. FISH images were analyzed as described in Figure S2D.

iations between Pol III genes and centromeres.

the degron system, and wild-type and mutant Cnd2 proteins were expressed
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mutations carrying a series of ten-residue deletions, which cover

the conserved domain among TBP proteins in different species

(Figure S5A; Hernandez, 1993). We performed a yeast two-

hybrid assay to investigate the interaction between Cnd2 and

mutant Tbp1 and found that several tbp1 mutations (d6, d9,

d10, d12, d15, and d17) affected the interaction in varying de-

grees, although tbp1-d10 completely abolished the interaction

(Figure S5B). Therefore, we then generated the tbp1 point muta-

tions in the Tbp1 d10 domain (Figure 7A). The yeast two-hybrid

and coIP results consistently indicated that the tbp1 point muta-

tions impaired the Cnd2-Tbp1 interaction, suggesting that the

Tbp1 d10 domain is important for the Cnd2 interaction (Figures

7B and 7C). Expression levels of mutant Tbp1 proteins were

comparable to that of the wild-type counterpart.

TBP has been well studied in terms of its structure and inter-

acting partners (Burley and Roeder, 1996). We generated a

model of the 3D structure of fission yeast TBPwith high accuracy

using the known structures of proteins with more than 80%

sequence identity (Figure 7D). The structure revealed the classic

TATA box-binding folds and was highly similar to the budding

yeast TBP (PDB: 4B0A). Interestingly, the d10 domain of Tbp1

does not completely overlap with the other domains required

for TBP interactions with DNA, the Pol II transcription machinery

(TFIIA, TFIIB, and TFIID), and the Pol III transcription machinery

(TFIIIB), although the TBP domain interacting with the Brf1 TFIIIB

subunit is adjacent to the d10 domain (Andel et al., 1999;

Cormack and Struhl, 1993; Juo et al., 2003; Kim et al., 1993; Ni-

kolov et al., 1995; Tan et al., 1996). It is possible that the conden-

sin (Cnd2) interaction with Tbp1 might compete with the Brf1

interaction.

We further characterized the tbp1 point mutations using the

Tbp1-LacI tethering system. We found that tethering of mutant

Tbp1-LacI-3Flag to the lacO locus impaired condensin loading

to the locus and its centromeric association compared to wild-

type Tbp1, suggesting that the Cnd2-Tbp1 interaction mediated

by the Tbp1 d10 domain is required for condensin loading and

centromeric association of a gene locus (Figures 7E and 7F).

The tbp1-1 ts Mutation Is Not Suppressed by the tbp1

Point Mutations
We performed PCR-based random mutagenesis for the tbp1

gene and generated the tbp1-1mutant, which showed sensitivity
Figure 6. Highly Transcribed Pol II Genes Are Bound by Condensin an

(A) Highly transcribed Pol II genes are bound by condensin. Pol II geneswere class

Pol II genes. Average binding patterns of Cnd2-Flag in the respective gene group

normalized to the same length for all the genes investigated.

(B) Average binding patterns of Tbp1-Myc and Cnd2-Flag (WT, F701R, and C70

(C) ChIP results showing enrichment of Tbp1-Myc at the indicated Pol II gene loci.

transcribed by Pol II.

(D) Cut14-Pk localization at the Pol II gene loci.

(E) ChIP enrichment of Cnd2-Flag proteins (WT, F701R, C703R, and L705R) at th

(F) FISH data representing centromeric localization of the Pol II gene loci in cells ex

as described in Figure S2D.

(G) Expression of Cnd2-C703R causes dissociation of the Pol II gene loci (hht2 an

described in Figure 5D. Arrowheads indicate association of FISH foci correspon

In the experiments shown in (A), (B), (E), (F), and (G), endogenous Cnd2 proteins w

were expressed from plasmids.

Data in (C)–(E) are represented as mean ± SD.
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to restrictive temperature (36�C) (Figures S5C and S5D). We

tested whether expression of mutant Tbp1 suppresses temper-

ature-sensitive (ts) growth of the tbp1-1 mutant. We found that

expression of only the wild-type Tbp1, but not the mutant pro-

teins, suppressed the tbp1-1 mutation (Figure S5D). We also

observed that the tbp1 point mutations (D145V-K147I and

D145I-F146R-K147I) impaired Cnd2 localization at Pol III genes

and the centromere 1 (Figure S5E). Moreover, the tbp1 point

mutations significantly compromised centromeric association

of the c417 Pol III gene locus and mitotic chromosome compac-

tion (p < 0.01, Mann-Whitney U test; Figures 7G and 7H). These

results suggest that the Cnd2-Tbp1 interaction mediated by the

Tbp1 d10 domain participates in condensin loading to endoge-

nous target loci, their centromeric associations, and local chro-

mosomal compaction. Based on observations that the cnd2

and tbp1 mutations that disrupt the Cnd2-Tbp1 interaction

consistently compromise condensin recruitment (Figures 7E,

S4, and S5E), we propose that this interaction has a role in the

condensin loading process.

We detected the interaction between the hCAP-H kleisin sub-

unit of the human condensin complex and hTBP (FiguresS5Fand

S5G). We did not observe the interaction between hCAP-G and

hTBP, which was previously identified and implicated in gene

bookmarking (Figure S5F; Xing et al., 2008). Surprisingly,

hCAP-H interacted with Tbp1 and the condensin subunits

(Cnd1, Cnd2, and Cnd3), all of which are derived from fission

yeast (Figure S5F). In addition, Cnd2 interacted with human

TBP and hCAP-G (Figure S5F). These results suggest that the

condensin-TBP interaction and the interactions required for con-

densin complex assembly are conserved between the fission

yeast and human systems, and, importantly, those interactions

are maintained even when the proteins are switched between

the two evolutionarily distant organisms.

DISCUSSION

Results described here reveal that a general transcription factor,

TBP, interacts with the Cnd2 condensin subunit. By employing

the cnd2 and tbp1 gene mutations that inhibit the Cnd2-TBP

interaction, we show that this protein interaction is required for

condensin localization at dispersed loci including Pol III genes

and highly transcribed Pol II genes. Moreover, using the LacI
d Tbp1 and Associate with Centromeres

ified into 20 groups based on their transcription levels. Each group contains 162

s were plotted. Gene size from transcriptional initiation to termination sites was

3R) in the highest transcribed gene group shown in (A).

The hht2, pwp1, rpl2101, rpl3001, and rps23 genes, except for leu1, are highly

e hht2, pwp1, rpl2101, and rpl3001 gene loci.

pressingwild-type Cnd2 or Cnd2-C703R proteins. FISH data were summarized

d pwp1) from centromeres in mitotic cells. FISH-IF analysis was performed as

ding to centromeres and the Pol II gene loci.

ere depleted by the degron system, and wild-type and mutant Cnd2 proteins

nc.
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Figure 7. The tbp1 Mutations Compromise

the Cnd2-Tbp1 Interaction and Condensin

Loading

(A) tbp1 point mutations. An alignment of TBP

proteins from different species is shown. Amino

acid residues identical to fission yeast Tbp1 are

boxed. Asterisks indicate conserved residues.

(B) Two-hybrid analysis to examine the interaction

between Cnd2 and mutant Tbp1.

(C) CoIP analysis testing the interaction between

Cnd2 and mutant Tbp1. Wild-type and mutant

Tbp1 proteins were expressed from plasmids.

(D) Ribbon diagram of fission yeast Tbp1. Fission

yeast Tbp1 has 87% sequence identity to the

full-length budding yeast TBP, the structure of

which is available in the RCSB database (PDB:

4B0A) (Anandapadamanaban et al., 2013). The

model of the fission yeast Tbp1 was generated

using PHYRE 2 (Kelley and Sternberg, 2009).

(E) The tbp1 mutations affect condensin recruit-

ment. Wild-type and mutant Tbp1 proteins fused

to LacI-3Flag were expressed from plasmids.

ChIP analysis was performed as described in Fig-

ure S2B. Data are represented as mean ± SD.

(F) Centromeric localization of the c887 lacO locus

in cells expressing Tbp1 proteins (WT and point

mutants) fused to LacI-3Flag. FISH data were

summarized as described in Figure S2D.

(G) Centromeric association of the c417 Pol III gene

locus in tbp1-1 mutant cells expressing wild-type

or mutant Tbp1 proteins. The tbp1-1 ts mutant was

cultured at restrictive temperature (36�C) for 6 hr.

(H) The Cnd2-Tbp1 interaction is required for

mitotic chromosome compaction. The tbp1-1

mutant expressing wild-type or mutant Tbp1 pro-

teins was subjected to FISH-IF analysis visualizing

the c417 Pol IIII gene locus, the c162 non-Pol III

gene locus (120 kb distant form the c417 locus),

and spindle microtubules. Mitotic cells were

defined by spindle staining. The distance between

the c417 and c162 loci was measured in more than

20 mitotic cells.

(I) A model to introduce how centromeric associ-

ation of Pol III genes and highly transcribed Pol II

genes facilitates effective chromosome segrega-

tion during mitosis (see Discussion for details).

See also Figure S5.
tethering system, we demonstrate that TBP recruits condensin

onto chromatin. These observations indicate that TBP present

at Pol III genes and highly transcribed Pol II genes loads conden-

sin molecules onto these genes through the Cnd2-TBP interac-

tion. It was previously predicted that TFIIIC recruits condensin

to Pol III genes in budding yeast (D’Ambrosio et al., 2008; Haeus-

ler et al., 2008). It is possible that TFIIIC cooperates with TBP to

facilitate condensin recruitment to Pol III genes. We also find that

inhibition of the Cnd2-TBP interaction impairs localization of

the condensin complex at centromeres, although residual con-

densin is still detected at centromeres (Figure S4C). Since

many Pol III genes are located at centromeres, TBP can recruit

condensin to centromeres. It has also been shown that conden-

sin is targeted to centromeres through a mechanism involving
Molec
kinetochore proteins (Nakazawa et al., 2008; Tada et al., 2011).

Therefore, the two mechanisms involving TBP and kinetochore

proteins probably participate in the recruitment of condensin to

centromeres.

Condensin is known to interact with another condensin mole-

cule to mediate associations between chromatin fibers (Hirano

et al., 2001; Yoshimura et al., 2002). Therefore, condensin mole-

cules present at centromeres, Pol III genes, and highly tran-

scribed Pol II genes can mediate associations between these

genes and centromeres through condensin-condensin interac-

tions (Figure 5J). Comparatively more condensin molecules

localize at centromeres than other genomic loci, which might

explain why Pol III and highly active Pol II genes frequently asso-

ciate with centromeres (Nakazawa et al., 2008). We also find the
ular Cell 59, 755–767, September 3, 2015 ª2015 Elsevier Inc. 765



interaction between the kleisin subunit of the condensin complex

and TBP in the human system. Moreover, condensin is known to

mediate clustering of tRNA genes in the budding yeast nucleolus

(Haeusler et al., 2008). These observations suggest that a similar

genome-organizing mechanism is at least in part conserved in

other eukaryotes and deserves additional study.

It has previously been hypothesized that condensin mediates

the specific organization of mitotic chromosomes, which is crit-

ical for faithful chromosome segregation (Hudson et al., 2003).

However, what the chromosomal architecture assembled by

condensin is, and how the structure contributes to chromosomal

segregation,was not known.Using the LacI tethering system, this

study indicates that condensin recruited by TBP mediates both

the association of a gene locus with centromeres and local chro-

mosomal compaction during mitosis. We have previously shown

that the centromeric association of Pol III genes is significantly

increased during mitosis compared to interphase (Iwasaki et al.,

2010). It is known thatphosphorylationof theCut3condensin sub-

unit byCdc2 functions in accumulation of condensinmolecules in

the mitotic nucleus, while condensin localization patterns are

similar during interphase and mitosis (Iwasaki et al., 2010;

D’Ambrosio et al., 2008; Sutani et al., 1999). Therefore, condensin

molecules enriched in the nucleus can facilitate the centromeric

association of gene loci during mitosis. It has also been shown

that the condensin complex interacts with another condensin in

the presence of DNA and introduces positive supercoiling into

chromatin loops (Hirano et al., 2001; Kimura et al., 1999). We

thus hypothesize that the chromatin loop generated by the asso-

ciation between a specific locus and centromeres is supercoiled

by condensin, leading to local chromosomal compaction (Fig-

ure S2G). Since several hundreds of Pol III genes and highly

transcribed Pol II genes are bound by condensin, and they are

dispersed across the fission yeast genome, many twisted chro-

matin loops are potentially generated by this mechanism. This

chromosome arrangement contributes to the efficient transmis-

sion of physical force at the kinetochore to chromosomal arms,

improving the fidelity of chromosome segregation (Figure 7I).

Therefore, when the Cnd2-Tbp1 interaction is disrupted by cnd2

mutations, Pol III genes and highly transcribed Pol II genes no

longerassociatewithcentromeres, andphysical forceat the kinet-

ochore is diffused and inefficiently transmitted to chromosomal

arm regions, resulting in chromosomal segregation defects and

cellular lethality (Figure 5D). We propose that this genome-orga-

nizing mechanism contributes to an effective transmission of

important genetic materials, such as Pol III genes and highly tran-

scribed housekeeping genes, to daughter nuclei during mitosis.
EXPERIMENTAL PROCEDURES

Strain Construction and Culture Conditions

Cnd2, Tbp1, and Sfc4 proteins were taggedwithMyc, Flag, Pk, or GFP at theC

termini of their proteins using a PCR-based module method (Bähler et al.,

1998). Strain constructions were performed using conventional genetic

crosses. Yeast cells were cultured in Yeast-Extract Adenine (YEA) or Edin-

burgh Minimal Medium (EMM) media.

Tethering Analysis

The tethering experiment was conducted as previously described (Yamazaki

et al., 2012). Tbp1, Cnd2, Cut3, Sfc4, and Rpc25 fused to LacI-3Flag at the
766 Molecular Cell 59, 755–767, September 3, 2015 ª2015 Elsevier I
C termini of their proteins were expressed from pREP4-based plasmids

(Maundrell, 1993). Those genes are under control of the nmt1 promoter, which

is activated by the absence of thiamine in culture medium. The insertion of the

256 lacO tandem array at the c887 control locus was previously generated

(Kim et al., 2013). The c887 control locus does not have condensin-binding

sites, as determined by the ChIP-seq analysis (Tanaka et al., 2012).

Depletion of Cnd2 Proteins

Cnd2 proteins were efficiently depleted from fission yeast cells using an

auxin-based degron system (Kanke et al., 2011; Nishimura et al., 2009).

Skp1-atTIR1 fusion protein expressed from the Padh15-skp1-AtTIR1-NLS-

9Myc locus mediates polyubiquitination of the Aid degron when it binds to

auxin. The DNA fragment containing the hphMX6-nmt81-cnd2+-aid-kanMX6

was generated by a PCR-based approach and used for yeast transformation.

Cnd2 fused to the Aid degron is expressed from the endogenous cnd2 gene

locus. Cells were cultured in EMM medium containing 15 mM thiamine and

0.5 mM auxin.
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