Molecular Biology of the Cell
Vol. 19, 4421-4433, October 2008

DNA Topoisomerase II Is a Determinant of the Tensile
Properties of Yeast Centromeric Chromatin and the
Tension Checkpoint

Tariq H. Warsi, Michelle S. Navarro, and Jeff Bachant

Department of Cell Biology and Neuroscience, University of California, Riverside, Riverside, CA 92521

Submitted June 2, 2008; Revised July 29, 2008; Accepted August 6, 2008
Monitoring Editor: Kerry S. Bloom

Centromeric (CEN) chromatin is placed under mechanical tension and stretches as kinetochores biorient on the mitotic
spindle. This deformation could conceivably provide a readout of biorientation to error correction mechanisms that
monitor kinetochore-spindle interactions, but whether CEN chromatin acts in a tensiometer capacity is unresolved. Here,
we report observations linking yeast Topoisomerase II (Top2) to both CEN mechanics and assessment of interkinetochore
tension. First, in fop2-4 and sumoylation-resistant top2-SNM mutants CEN chromatin stretches extensively during
biorientation, resulting in increased sister kinetochore separation and preanaphase spindle extension. Our data indicate
increased CEN stretching corresponds with alterations to CEN topology induced in response to tension. Second, Top2
potentiates aspects of the tension checkpoint. Mutations affecting the Mtw1 kinetochore protein activate Ipll kinase to
detach kinetochores and induce spindle checkpoint arrest. In mtwltop2-4 and mtwltop2-SNM mutants, however,
kinetochores are resistant to detachment and checkpoint arrest is attenuated. For top2-SNM cells, CEN stretching and
checkpoint attenuation occur even in the absence of catenation linking sister chromatids. In sum, Top2 seems to play a
novel role in CEN compaction that is distinct from decatenation. Perturbations to this function may allow weakened

kinetochores to stretch CENs in a manner that mimics tension or evades Ipll surveillance.

INTRODUCTION

Accurate chromosome segregation requires that sister kinet-
ochores connect to microtubules from opposing poles of the
mitotic spindle, a process known as biorientation. Mis-
aligned kinetochore attachments can also occur, and they
must be resolved to prevent lethal chromosome segregation
errors or the formation of aneuploid cells. Syntelic attach-
ments arise when sister kinetochores connect to microtu-
bules from the same spindle pole; merotelic attachments
result if a single kinetochore attaches to both poles. The
Aurora-B kinases, complexed with conserved INCENP/
Slil5 and Survivin/Birl subunits of the chromosomal pas-
senger complex, are key regulators of the error correction
machinery that resolves such inappropriate attachments (re-
viewed in Ruchaud et al., 2007). Aurora-B (Ipll in budding
yeast) facilitates error correction through two mechanisms.
First, these kinases destabilize defective kinetochore-micro-
tubule interactions by phosphorylating kinetochore-associ-
ated proteins. Second, Ipl1/Aurora-B plays a role in activat-
ing the spindle assembly checkpoint (SAC), both in response
to syntelic attachments as well as mutations that affect the
kinetochore or sister chromatid cohesion. Checkpoint acti-
vation may occur indirectly because Ipll/Aurora-B creates
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unoccupied kinetochores (Pinsky ef al., 2006) or directly
through phosphorylation of SAC regulators (King et al.,
2007).

The manner in which Ipll/Aurora-B distinguishes such a
wide range of spindle lesions is not well understood. With
the exception of merotelic interactions (Cimini, 2007), those
attachments that are targeted for error correction generally
tend to be characterized by a reduction in the mechanical
tension generated by pulling bioriented kinetochores to-
ward opposite spindle poles. Ipll/Aurora-B has thus been
suggested to control a tension checkpoint, implying a mech-
anism to monitor tension (Biggins and Murray, 2001). But
whether tension is sensed directly, or transduced into an
alteration of the kinetochore-microtubule interface that al-
lows kinetochores to become resistant to Ipl1/Aurora-B, is a
matter of debate (Pinsky and Biggins, 2005; Sandall et al.,
2006). As one facet of this, it has long been recognized that
elastic deformation of chromatin underlying and/or adja-
cent to the kinetochore (collectively denoted here as CEN
chromatin) could provide a mechanical readout of biorien-
tation (McIntosh, 1991; Shelby et al.,, 1996). In yeast, for
example, kinetochores are drawn apart to half the length of
the preanaphase spindle by bipolar force, accompanied by a
localized dissolution of CEN cohesion and partial unravel-
ing of separated CEN fibers (He et al., 2000; Pearson et al.,
2001; Eckert et al., 2007; Ocampo-Hafalla et al., 2007). Recent
evidence suggests these separated regions fold back to form
a cruciform structure that behaves as an integrated tensile
unit, stretching and relaxing as kinetochores oscillate on the
spindle (Yeh et al., 2008). Ipl1/Aurora-B could be coupled to
CEN deformation in a variety of ways. In one model, stretch-
ing of CEN fibers and/or components of the kinetochore
under tension has been proposed to separate Ipll/Aurora-B
within the inner CEN from the kinetochore substrates in-
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volved in detachment (Tanaka ef al., 2002; Cimini, 2007).
Overall, these considerations suggest the mechanical resis-
tance of CEN chromatin to deformation could be an impor-
tant parameter influencing the activity of error correction
mechanisms.

Several observations indicate DNA Topoisomerase II
(Topo II or Top2 in yeast) may be one factor that that is
connected to Ipll/Aurora-B in the tension checkpoint. First,
in vertebrates Topo II accumulates and exhibits robust ac-
tivity within mitotic CEN chromatin (reviewed in Porter and
Farr, 2004). Sumoylation of Topo II (or possibly other sub-
strates) plays an as yet undefined role in controlling Topo II
localization to CENs (Azuma et al., 2005; Diaz-Martinez et al.,
2006; Dawlaty et al., 2008). Treatments that block this mod-
ification also perturb sister chromatid separation during
anaphase, suggesting Topo II CEN targeting helps resolve a
final population of topological intertwinings (catenates) so
sister CENs can disjoin efficiently. Second, in both yeast and
vertebrates, Topo II inhibition can restore chromatid attach-
ment to the spindle and silence the tension checkpoint in
cohesin mutants, an effect that may be attributable to unre-
solved catenates substituting for cohesin in generating ten-
sion (Dewar et al., 2004; Vagnarelli et al., 2004; Toyoda and
Yanagida, 2006). Third, perturbations to Topo II can in some
cases activate Ipl1/Aurora-B-dependent preanaphase arrest
(Andrews et al., 2006; Diaz-Martinez et al., 2006). This has
suggested Ipll/Aurora-B may be involved in monitoring
some aspect of Topo II function, but the basis for this sur-
veillance has remained unclear.

In this report, we find that budding yeast Top2 also plays
an unanticipated role in helping Ipll enforce the tension
checkpoint. Specifically, mutations in the Mtw1 kinetochore
protein lead to weakened microtubule attachments that are
disconnected by Ipll. In temperature-sensitive top2-4 mu-
tants and top2-SNM mutants that prevent Top2 SUMO mod-
ification, however, these defective attachments are stabi-
lized. In the case of top2-SNM mutants it is possible to show
that stabilization of attachment does not occur through cat-
enates restoring tension to mtwl kinetochores. Rather, the
tension checkpoint defects associated with top2 mutants cor-
respond more closely with a requirement for Top2 in pre-
venting excessive CEN stretching as sister kinetochores are
pulled toward opposite spindle poles. These results suggest
the ability of CEN chromatin to resist spindle traction may
indeed be connected to tension assessment mechanisms. In
this view, sumoylation promotes an aspect of Top2 function
that maintains CEN compaction against poleward force. Per-
turbations to this function could allow weakened kineto-
chores to stretch CEN chromatin into a configuration that
confers resistance to Ipll detachment activity.

MATERIALS AND METHODS

Yeast Strain Construction and Culture Conditions

All strains were derived from W303-related CRY1 (MATa his3-11,15 leu2-3112
trp1-1 ura3-1 ade2-1 can1-100) by using standard genetic techniques. CEN4-
GFP comprises 256 copies of the Lac operator targeted 705 base pairs to the
right side of CEN4 CDEIII (Bachant et al., 2002). Saccharomyces cerevisiae were
cultured in yeast extract/peptone/dextrose (YPD) or synthetic complete me-
dia. Cultures for microscopy were supplemented with 50 ug/ml adenine. For
G, synchronization, overnight cultures were diluted into fresh media supple-
mented with 10 pug/ml a-factor (Bio-Synthesis, Lewisville, TX) for 2-3 h; bar1
strains were treated with 1 ug/ml. Cells were washed in H,O and released in
fresh media at an appropriate temperature. Efficient release at 37°C required
addition of 0.1 mg/ml Pronase (P-6911; Sigma-Aldrich, St. Louis, MO). For
a-factor add-back, cells were released into YPD, pH 3.9, and a-factor was
restored (20 pg/ml) when ~80% of the cells exhibited a small budded
morphology. Nocodazole (Sigma-Aldrich) was dissolved in dimethyl sulfox-
ide at 10 mg/ml and used at a final concentration of 15 ug/ml in YPD.
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Strains for in situ CEN excision were constructed as follows. A 1408-base
pair Spel-Xhol fragment from YCp50 containing CEN4 was cloned into
pLITMUS29 (pJBN137). A 450-base pair Avrll fragment containing CEN4
CDE I-II-II elements on pJBN137 was replaced with a 3576-base pair lox-
P(CENT1:kanMX4)loxP cassette to form pJBN150. The elements on this cassette
include two loxP sites from pSE934, a CEN1 sequence originating from a
1769-base pair HindIII fragment from YRp14/ARS1/CEN (Hieter et al., 1985),
chromosome I (base pairs 150402-152170), and a 1561-base pair NotI fragment
from pFA6a/kanMX4 containing kanMX4 (Wach et al., 1994). To replace CEN4
with loxP(CEN1:kanMX4)loxP, a CRY1 TRP1-GFP strain was transformed with
a 4522-base pair fragment derived from pJBN150 by Spel-Xhol digestion.
Transformants were selected for G418 resistance, and CEN4 replacement was
verified by the appearance of a novel 4534-base pair Xhol fragment on
Southern blots by using a 1408-base pair CEN4 Spel-Xhol fragment isolated
from pJBN137 to prepare radiolabeled probes. Standard genetic crosses were
used to transfer loxCENlox to other strains. To induce CEN excision,
loxP(CEN1:kanMX4)loxP strains were transformed with pBS49 (pGAL-Cre
CEN/ARS/URA3; Sauer, 1987) and processed into galactose media.

Microscopy

For Pds1-Myc immunofluorescence, ~5 X 10° cells were fixed in 3.7% form-
aldehyde for 2-4 h and spheroplasted (15 min; 37°C) in 0.5 ml of 1.2 M
sorbitol, 100 mM KPO,, pH 7.5, containing 1 ul of B-mercaptoethanol (3-ME)
and 5 ul of 5 mg/ml Zymolyase 100-T (MP Biomedicals, Irvine, CA). Sphero-
plasts were resuspended in 0.5 ml of phosphate-buffered saline (PBS), 0.1%
Triton X-100 (PBS: 150 mM NaCl, 50 mM KPO,, pH 7.5); this permeabilization
step was essential for Pds1-Myc staining. Staining was performed by sequen-
tial incubation in 50 ul of a 1:100 dilution of 9E10 (Covance Research Prod-
ucts, Princeton, NJ) (diluted in PBS; 1-2 h; room temperature) and 50 ul of a
1:250 dilution of fluorescein isothiocyanate (FITC)-conjugated a-mouse anti-
bodies (Jackson ImmunoResearch Laboratories, West Grove, PA). Stained
specimens were washed into PBS and spotted onto 0.1% poly-lysine-coated
slides. For a-tubulin immunofluorescence, cells were fixed 4-15 h, permeabil-
ized in 70% ethanol, spheroplasted 1 h, and stained using a 1:50 dilution of
YOL1/34 (Accurate Chemical & Scientific, Westbury, NY) and a 1:100 dilution
of FITC-conjugated a-rat antibodies (Sigma-Aldrich).

For budding analyses, SPC42-GFP measurements, and 4,6-diamidino-2-
phenylindole (DAPI) staining, cells were fixed in 3.7% formaldehyde for 3
min and washed into PBS. DAPI staining (1 ug/ml) was performed in
mounting medium (VECTASHIELD; Vector Laboratories, Burlingame, CA).
For TRP1-GFP (GFP, green fluorescent protein) separation/segregation kinet-
ics, cells were fixed in 0.05% NaNj; and 2.5 mM EDTA, washed into STOP
solution (0.9% NaCl, 1 mM NaNj;, and 10 mM EDTA), and stored at 4°C.
Visualization of CEN4-GFP and Ask1-GFP was performed using live cell
mounts on a thermal stage (Tokai Hit, Shizuoka-ken, Japan), a 100X Plan Apo
1.4 numerical aperture objective and a number 4 neutral density filter. Spindle
length and Ask1-GFP measurements were performed using MetaMorph soft-
ware (Molecular Devices, Sunnyvale, CA). Live cell imaging was performed
as described previously (Bachant et al., 2005). The statistical significance of
differences between strains in the distribution of CEN stretching lengths,
interkinetochore distance, and preanaphase spindle extension were evaluated
using Student’s t test.

Chromosome Loss Assays

Cells from single colonies cultured to maintain CFIII (Ura~ or Ade™) were
resuspended in H,O, inoculated into YPD at low density, and grown to
saturation. Cell density was determined at the beginning and end of the
culture by using a hemacytometer, and the number of cell divisions (n) was
calculated as [log,(final cell number) — log,(initial cell number)]. CFIII loss
was monitored either by plating a defined number of cells onto 5'-fluoroorotic
acid media or by plating ~750 cells onto YPD and dividing the number of
solid red colonies by total colony number. Using these values, the rate of CFIII
loss per division (p) was determined using the equation p = 1 — e(l/mInRn/R0),
where RO and Rn are the fraction of cells containing CFIII after 0 and n
generations under nonselective conditions, respectively (Murakami et al.,
1995). The significance of loss rate or frequency differences between strains
was assessed using Student’s f test.

Minichromosome Catenation and CEN Topoisomer
Analysis

For analysis of minichromosome catenation, DNA was prepared from 10 ml
of ODg 0.8 cultures synchronized as appropriate for the experiment. Cells
were spheroplasted (1 h; 37°C) in 0.6 ml of 0.9 M sorbitol, 100 mM EDTA, a
1:500 dilution of B-ME, and 0.3 mg/ml Zymolyase 20T (MP Biomedicals).
Spheroplasts were resuspended in 0.6 ml of TE (20 mM Tris, pH 8.0, and 2
mM EDTA) and lysed (65°C; 30 min) by adding 240 ul of 250 mM EDTA, 0.5
M Tris base, and 2.5% SDS. Then, 400 ul of 5 M KOAC was added to the
solution, which was incubated on ice for 1 h and clarified at 13.5K rpm (15
min; 4°C). Nucleic acids were precipitated using isopropanol, resuspended in
500 wl of TE containing 50 ug/ml RNase, and incubated for 1 h at 37°C. After
a second precipitation (adding 20 microliters SM NaCl), DNA was dissolved
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in 40 wl of TE. Then, 7 ul of the sample was loaded onto wide (2.3-cm) well
format 20- by 20-cm 0.6% agarose gels containing ethidium bromide (0.5
pg/ml) and electrophoresed in 1X TAE overnight at 50-V constant voltage.
Southern transfer was carried out under alkaline conditions onto Hybond-XL
(GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom) mem-
branes. Radiolabeled probes to detect both p3847 and pRS416 were synthe-
sized using a 1549-base pair Scal/Pvull fragment from pRS416. Hybridization
was performed in RapidHyb (GE Healthcare) according to manufacturer’s
instructions. For analysis of CEN loop-out topoisomers, DNA was prepared
from 50 ml of saturated cultures that were refed and processed as described
in the legend for Figure 5. Genomic DNA was prepared as described for
catenation samples, scaling up as appropriate for the larger cultures. The final
DNA prep was resuspended in 200 ul of TE, and 50 ug of each sample was
separated on 25- X 20 cm 1% agaraose gels in TAE containing an appropriate
concentration of chloroquine in both the gel and running buffer. Electrophore-
sis and Southern transfer was carried out as described for catenation samples,
but electrophoresis time was extended to 24 h, and ethidium bromide was
omitted from both the gel and running buffer. The use of wide (2.3 cm) wells
and extended electrophoretic separation proved essential for resolution of
linking number variants. CEN topoisomers were visualized with radiolabeled
probes prepared from a 1087-base pair DNA fragment amplified from pFA6a-
kanMX4 (Wach et al., 1994) by using primers JB.101 5'-CCGAACATAAAGCG-
GCCGCGGTAAGGAAAAGACTCACGTTTCGAGGC and JB.102 5'-ATCGAT-
GAATTCGAGCTCGTTTTCGACACTGGATGGC.

To create the CEN topoisomers profiles shown in Figure 5 and Supplemen-
tal Figure 4, digitized images of Southern autoradiograms were analyzed
using the plot profile features of NIH Image] software (http://rsb.info.nih.
gov/ij/), ensuring all gray scale values were in the nonsaturated range. Y
coordinate values were normalized such that the highest topoisomer band for
each sample (not the nicked/relaxed circle form) was assigned a relative gray
scale value of 1. This allowed the profile plots to be overlaid directly in a
graphical representation.

Protein Analysis

Protein extracts for immunoblotting were prepared using mechanical lysis in
20% trichloroacetic acid as described previously (Bachant et al., 2002).

RESULTS

Sister Chromatid Separation and Segregation in top2-
SNM Mutants

Accumulating evidence suggests Topo II sumoylation pro-
motes sister chromatid decatenation and chromosome seg-
regation in vertebrate cells (Azuma et al., 2003, 2005; Diaz-
Martinez et al., 2006; Dawlaty et al., 2008), but whether this
modification played an analogous role in yeast Top2 func-
tion was unclear. To evaluate functions associated with Top2
sumoylation, we therefore initially compared the catenation
status of pRS416, a topologically closed circular minichro-
mosome, in top2-SNM and top2-4 mutants. The top2-SNM
allele consists of mutations within the noncatalytic C-termi-
nal domain that abolish SUMO modification (Bachant et al.,
2002; Takahashi et al., 2006). top2-4 is a well-characterized
temperature-sensitive allele (DiNardo et al., 1984; Holm et
al., 1985). Because the force of the spindle has been proposed
to help resolve catenates (Holm, 1994), we isolated pRS416
from mitotic cells in the presence or absence of a spindle.
Wild-type (WT), top2-SNM, and top2-4 cells were arrested
using nocodazole to depolymerize microtubules, whereas
cdc13-1, cdc13-1top2-4, and cdc13-1top2-SNM cells were ar-
rested in the presence of a spindle at a cdc13-1 mitotic block.
cdc13-1 induces telomeric DNA damage and activates mi-
totic arrest through the DNA damage checkpoint (Garvik et
al., 1995). Consistent with previous studies (Koshland and
Hartwell, 1987), we found pRS416 was completely decat-
enated under both arrest conditions in WT cells, whereas
catenated dimers accumulated in top2-4 strains. Similar to
WT controls, only supercoiled and nicked forms of pRS416
were observed in top2-SNM mutants (Figure 1A).
Although minichromosomes are decatenated before an-
aphase, Top2 must act at the metaphase—anaphase transition
to resolve catenates that persist on endogenous chromo-
somes. This decatenation activity is essential for sister chro-
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matids to disjoin completely (Holm et al., 1989). In particu-
lar, it has been shown that CENs separate normally in top2-4
cells, whereas telomeric regions fail to disjoin, suggesting
catenates may roll down chromosome arms as sisters are
pulled apart (Spell and Holm, 1994; Bhalla et al., 2002). To
determine whether Top2 SUMO modification facilitated sis-
ter separation, we examined chromatid disjunction at CEN-
proximal (TRPI-GFP; 13kb from CEN4) and telomere-prox-
imal (TEL4-GFP; 94kb from right end of chromosome 4) loci
in top2-4 and top2-SNM strains. As evaluated by degradation
of the anaphase inhibitor Pds1, top2-4 and top2-SNM cells
entered anaphase with similar kinetics to WT controls, al-
though a fraction of Pds1 was stabilized in the top2-4 strain
(Figure 1B). As anticipated, WT, top2-4 and top2-SNM cells
displayed similar kinetics of separation and segregation at
the CEN proximal locus (Figure 1C), whereas top2-4 mutants
were largely blocked for separation at telomeres (Figure 1D).
DAPI staining revealed the block to telomere disjunction
was accompanied by extensive chromosome bridging (Sup-
plemental Figure 1). In comparison, top2-SNM mutants also
exhibited a slight delay in telomere separation (Figure 1D)
and a transient accumulation of stretched anaphase chromo-
somes (Supplemental Figure 1). However, chromatids
seemed to eventually disjoin completely and segregate to
spindle poles. Consistent with this, top2-SNM cells did not
exhibit an increased rate of chromosome missegregation
(Supplemental Figure 2A). Furthermore, deletion of RAD52,
required for repair of DNA double-strand breaks, did not
affect top2-SNM survival (data not shown) or chromosome
loss (Supplemental Figure 2A), arguing transient stretching
does not cause chromosome breakage. Overall, these results
indicate Top2 sumoylation is dispensable for decatenating
small minichromosomes but makes a minor contribution to
the timing of chromatid disjunction on endogenous chromo-
somes. top2-SNM mutants may therefore experience a subtle
perturbation to chromosome decatenation. If so, this pertur-
bation that does not obviously interfere with chromosome
segregation accuracy.

CEN Tensioning in top2-SNM and top2-4 Mutants

Having evaluated whether Top2 sumoylation contributes
to the overall program of anaphase chromosome separa-
tion and segregation, we next focused on possible roles
for this modification in CEN chromatin dynamics (here,
we use the term CEN chromatin to encompass both the
CEN locus and adjacent periCEN regions). We felt this
might be informative because in vertebrates sumoylation
seems to preferentially promote Topo II function at CENs
(Diaz-Martinez et al., 2006; Dawlaty et al., 2008). CEN
dynamics during kinetochore biorientation have been
characterized extensively in yeast, primarily using GFP
tags integrated immediately adjacent to the kinetochore
(Goshima and Yanagida, 2000; He ef al., 2000; Tanaka et
al., 2000; Pearson et al., 2001). These studies have shown
that sister CENs are locally pulled apart as sister kineto-
chores attain bipolar attachment, accompanied by stretch-
ing of separated CEN chromatin. This initial distension,
however, is quickly followed by a localized recompaction
of the separated chromatid fibers.

As a first step in analyzing CEN dynamics, we examined
CEN morphology in cycling top2-SNM mutants. Twenty-
three percent of medium/large-budded top2-SNM cells ex-
hibited a filamentous CEN4-GFP morphology distinct from
the compact, spherical foci typically associated with bipolar
attachment; a similar morphology was only observed in 7%
of WT controls (Supplemental Figure 3, A and B). Direct
measurement suggested CEN4-GFP was indeed drawn into
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Figure 1. Chromosome decatenation and segregation in top2-SNM Mutants. (A) WT (TOP2; JBY772), top2-4 (JBY775), top2-SNM (TWY179),
cdc13-1 (TWY181), cdc13-1top2-4 (TWY185), and cdc13top2-SNM (TWY183) strains harboring pRS416 were released from a-factor at 35°C either
in the presence (CDC13 strains) or absence (cdc13 strains) of nocodazole. After 3 h, pRS416 electrophoretic mobility was evaluated by
Southern blotting. A bacterial plasmid preparation (E. coli) was included as a control. I and II denote supercoiled and nicked circular plasmid
species. (B) WT (JBY649), top2-4 (JBY1523) and top2-SNM (JBY1520) PDS1-MYC strains were arrested in G1 with a-factor, released at 35°C,
and a-factor was restored after budding to rearrest cells in G1 after completion of mitosis. Pdsl-myc was analyzed by immunoblotting. (C)
WT (MNY37-8B), top2-4 (MNY37-24A), and top2-SNM (MNY44-3D) TRPI-GFP strains were released from a-factor at 37°C and rearrested
following completion of mitosis. The percentage of budded cells displaying unseparated TRP1-GFP foci (first graph), separated but
unsegregated TRPI-GFP foci (second graph) and segregated TRP1-GFP foci (third graph) was determined at each time point. (D) WT
(MNY46-3C), top2-4 (MNY33-7C), and top2-SNM (MNY46-9C) TEL4-GFP strains were processed and analyzed as described in C.

a more extended configuration in top2-SNM cells (Supple-  with cdc13 controls, both top2 mutants exhibited an approx-

mental Figure 3C). Importantly, our previous work indi-
cated top2 mutants remain largely proficient for chromatid
cohesion at CEN-proximal chromosomal regions (Bachant et
al., 2002). Thus, the extension of CEN chromatin in top2
mutants is likely to reflect increased chromatid stretching
rather than increased chromatid separation, and we there-
fore refer to this extension as a CEN stretching phenotype.
To ensure we were not visualizing CEN stretching in early
anaphase, we examined CEN morphology in metaphase-
arrested cdc13top2-SNM and cdc13top2-4 strains. Compared
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imately threefold increase in cells exhibiting CEN4-GFP
stretching, corresponding with a reduction in cells with two
discrete CEN4-GFP foci (Figure 2, A and B). This was not a
consequence of cdc13-1 DNA damage, as a similar type of
stretching occurred in top2-SNM mutants blocked in meta-
phase by inactivating the anaphase-promoting complex
(APC; Figure 2A).

CEN dynamics were further characterized by imaging
cells over a 20-min period (Supplemental Videos 1-4). In
cdc13TOP2 cells, bioriented CEN foci remained close to-
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Figure 2. CEN4-GFP Stretching in top2-4 and top2-SNM Mutants. (A) cdc13-1 (JBY607), cdc23-1 (JBY686), cdc13-1top2-SNM (JBY1100),
cdc23-1top2-SNM (JBY1633), and cdc13-1top2-4 (JBY845) CEN4-GFP strains were arrested at 32°C for 2.5 h before imaging. Micrographs
illustrate bioriented CEN4-GFP foci in cdc13 and cdc23 cells and CEN4-GFP stretching in fop2 mutants. Bar, 5 um. (B) cdc13-1 (JBY607; 3
experiments), cdc13-1top2-SNM (JBY1100; 3 experiments), and cdc13-1top2-4 (JBY845, JBY846; 2 experiments each) CEN4-GFP cells were
processed for microscopy as in A and scored using the indicated categories. Graphs depict the average and SD for the combined experiments.
(C) Selected frames showing a cdc13TOP2 cell exhibiting CEN4-GFP stretching and separation into two compact foci. Numbers, elapsed time;
arrows, CEN4-GFP stretching into a filamentous configuration. (D) Sequential frames illustrating cdc13top2-SNM CEN4-GFP stretching.

gether, and stretching events were of short duration. For
example, Figure 2C depicts stretched CEN4-GFP chromatin
that coalesces into a single GFP focus after 40 s. A second
stretching event occurs that quickly resolves into two com-
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pact, spherical foci. In cdc13top2-SNM cells it proved difficult
to visualize stretched CEN fibers for extended periods with-
out photobleaching. However, based on successfully imag-
ing five cells for a complete 20-min sequence, stretching of
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CEN4-GFP arrays seemed more persistent in top2-SNM cells
(=6 min for the cell in Figure 2D), suggesting recompaction
to form closely juxtaposed foci occurred less efficiently.

A notable feature of the above-mentioned analysis was
that CEN chromatin displayed an extent of stretching during
biorientation in top2-SNM mutants that was comparable to
the catalytically inactive top2-4 allele. This suggested to us
that sumoylation might be promoting a functional role for
Top2 in endowing CEN fibers with the tensile properties to
resist spindle traction. We reasoned that if this were true we
would expect to observe an increased distance between
bioriented kinetochores in both top2 mutants, a parameter
frequently used to evaluate the magnitude of interkineto-
chore tension. To test this we visualized the distribution of
bioriented kinetochore clusters in cdc13top2-SNM and
cdc13top2-4 cells using Ask1-GFP, a component of the Dam1
kinetochore complex (Li et al., 2002). This analysis revealed
kinetochores were in fact pulled further apart in both top2
strains with mean distances of Askl-GFP separation of
1.24 £ 0.34,1.69 * 0.47, and 2.46 * 0.62 pum, respectively, in
TOP2, top2-SNM and top2-4 strains (Figure 3). Consistent
with the normal chromosome loss rate of fop2-SNM cells
(Supplemental Figure 2A), increased kinetochore separation
was not accompanied by obvious perturbations to kineto-
chore alignment. However, chromosome loss was slightly
(~2-fold) but significantly (p = 0.0002) increased in
Amad2top2-SNM strains (Supplemental Figure 2B), indicat-
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cdcl3 top2-4 ASKI-GFP

cdcl3 top2-SNM ASKI1-GFP

Figure 3. Interkinetochore distance in top2-SNM
and fop2-4 Mutants. (A) cdc13-1 (JBY1483), cdcl3-
Itop2-SNM (JBY1485) and cdc13-1top2-4 (JBY1694)
ASK1-GFP cells were arrested for 2.5 h at 35°C and
visualized by fluorescence microscopy. Bar, 5 um.
(B) cdc13-1, cdc13-1top2-SNM, and cdcl3-1top2-4
ASKI-GFP cells were arrested and visualized as in A.
For each strain, the distance between Ask1-GFP foci
was measured for =250 cells. Histograms show the
distribution of these measurements. p values indi-
cate the significance of the differences between the
cdc13-1top2-SNM  and  cdc13-1top2-4 distributions
compared with the cdc13-1 control.

ing the SAC contributes to chromosome segregation fidelity
in top2-SNM cells. This suggests there may be infrequent
kinetochore alignment problems in the top2-SNM mutant.

As a second metric for tension, we compared preanaphase
spindle lengths in cdc13 (mean length, 1.69 * 0.42 um),
cdc13top2-SNM (2.17 = 0.76 pm), cdc13top2-4 (2.83 *£ 0.73
pm), and cdc13ubc9-1 (2.08 = 0.59 um) strains by using
a-tubulin immunofluorescence (Figure 4, A and B) and in
cdc13 (mean pole separation, 2.49 * 0.50 um), cdc13top2-
SNM (3.20 = 0.67 pm), cdc23 (2.87 = 0.70 pm), and
cdc23top2-SNM (3.67 = 0.91 um) cells by visualizing GFP-
labeled spindle poles (Figure 4, C and D). Both methods of
measurement indicated a statistically significant increase in
spindle length in top2 mutants. cdc13ubc9-1 mutants, defec-
tive for SUMO conjugation, displayed similar spindle exten-
sion to cdc13top2-SNM cells. To summarize the results in this
section, we observed that CEN chromatin is more prone to
stretch in top2-4 and top2-SNM strains, corresponding with
increased sister kinetochore separation during biorientation
and an accompanying increase in the length of the prean-
aphase spindle.

CEN Superhelicity in top2 Mutants

Current evidence suggests at least three possible functions
for Top2 within CEN chromatin. First, a primary function for
Topo II at CENS, at least in vertebrates, seems to be untan-
gling sister CENs as cells transition into anaphase (Downes

Molecular Biology of the Cell



DAPI

Figure 4. Preanaphase Spindle
Length in top2-4 and top2-SNM
Mutants. (A) cdc13-1 (JBY432) and
cdc13-1top2-4 (JBY626) strains were
shifted to 35°C for 3 h and pro-
cessed for a-tubulin immunofluo-
rescence and DAPI staining. Bar; 5
pm. (B) Spindle length was mea-
sured in =300 cdc13-1 (JBY607),
cdc13-1ubc9-1 (JBY1009), cdc13top2-
SNM (JBY1100), and cdc13-1top2-4
(JBY846) cells arrested as in A.
Histograms show the distribu-
tion of spindle lengths. (C) cdc13-1
(TWY001) and cdc13-1top2-SNM
(TWY004) SPC42-GFP strains were
arrested at 32°C for 3 h before im-
aging. (D) cdc13-1, cdcl3-1top2-
SNM, cdc23-1 (BY1289), and
cdc23-1top2-SNM (JBY1601) SPC42-
GFP strains were arrested as in C,
and the distance between Spc42-
GEFP foci was evaluated in =300
cells. In B and D, p values indicate
the significance of differences be-
tween the indicated data sets com-
pared with either cdc13-1 or
cdc23-1 controls.

cdcl3
SPC42-GFP

cdcl3top2-SNM
SPC42-GFP

et al., 1991, Shamu and Murray, 1992; Clarke ef al., 1993;
Azuma et al., 2005; Diaz-Martinez et al., 2006; Dawlaty et al.,
2008). Second, our previous work suggested Top2 might
mediate a cohesive linkage between sister CENs that was
potentially distinct from catenation. This is because we
found that either the fop2-SNM allele or Top2 overproduc-
tion could partially suppress a CEN proximal cohesion de-
fect (Bachant et al., 2002). Third, Top2 has been implicated in
yeast chromosome condensation (Vas et al., 2007). Of these
functions, it was not readily apparent why increased wind-
ing or linkage between sister CENs would cause kineto-
chores to be pulled further apart during biorientation. In
contrast, a defect in maintaining CEN compaction seemed a
reasonable hypothesis to account for the top2 CEN stretching
phenotype. There is at present no means to assay higher
order coiling within CEN chromatin. However, Top2 has
recently been shown to be more proficient than Topl at
relaxing torsional strain on chromatin templates (Salceda et
al., 2006), and it seemed possible that biorientation might
induce alterations to superhelical winding as CEN fibers
were placed under tension. Based on this reasoning, we
decided to test whether Top2 might be required to modulate
intrachromatid topology at CENS.

To do this, we constructed strains in which CEN4 was
replaced with a CEN cassette flanked by loxP repeats, allow-
ing excision of a circular CEN DNA molecule after Cre
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production under control of a galactose-inducible promoter
(Figure 5A). cdc20-1, cdc20-1top2-4, and cdc20-1top2-SNM
strains harboring loxCENIlox were arrested in nocodazole
and released into galactose media at a nonpermissive tem-
perature for the cdc20-1 and top2-4 alleles. Under these con-
ditions, spindle assembly and biorientation could proceed,
but cells were prevented from going into anaphase by inac-
tivation of the Cdc20 APC subunit. Genomic DNA was then
fractionated on 2 ug/ml chloroquine gels to analyze CEN
topoisomers. All three strains showed a similar distribution
of linking number variants in the absence of tension (+NZ;
Figure 5, B and C, and Supplemental Figure 4). In compar-
ison, when kinetochores were allowed to biorient at the
cdc20 block (—NZ), we observed CEN loop-out products
from cdc20top2-4 cells migrating as a noticeably more re-
laxed set of topoisomers compared with cdc20TOP2 controls.
By analyzing these samples under a range of chloroquine
concentrations, it seemed as though CEN circles were compar-
atively overwound (more positively supercoiled) in top2-4 cells
(Supplemental Figure 5). Alterations to CEN topology were
less apparent in cdc20top2-SNM strains. However, by overlay-
ing profiles of topoisomer distributions (Figure 5C and Sup-
plemental Figure 4) it did seem that there was also a shift
toward more relaxed linking number variants in cdc20top2-
SNM samples. Thus, based on this assay, it seems that pertur-
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Figure 5. Topoisomer distribution of loxCENIox excision products.
(A) Schematic detailing the JoxCENIox cassette and experimental pro-
cedure. (B) cdc20-1 (TWY286), cdc20-1top2-4 (TWY258), and cdc20-
Ttop2-SNM (TWY291) strains harboring loxCENIox and pGAL-Cre were
arrested in nocodazole at 23°C for 3 h and then washed into galactose
media in the presence (+) or absence (—) of nocodazole (NZ) at 35°C.
Cells were harvested after 4 h. Genomic DNA preparations were
fractionated on 2 pg/ml chloroquine gels and analyzed by Southern
blotting to visualize topoisomers for loxCENlox excision products.
Chloroquine induces positive supercoiling, and the resulting topoiso-
mers will therefore resolve on these one-dimensional gels as a distri-

) L S
“oq \0& \0&
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(o470]
(+or-)
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top2-4 -NZ
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top2-SNM
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top2-SNM +N7Z

RC (4)0)
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bution of negatively wound, relaxed, or positively wound linking number variants depending on the initial winding state of the excised CEN
circle. In all these samples, there are also likely to be nicked forms of the excision product resulting from sample preparation that will migrate
as completely relaxed molecules. SC; position of either (+) or (—) supercoiled forms. RC/NC; relaxed/nicked circle. (C) To more readily
compare samples, the gel panels shown in B were analyzed by densitometry to create graphical representations of topoisomer distributions.
The most prominent topoisomer band was assigned a relative gray scale value of 1, and the graphs show overlays of the normalized profiles.
Blue, cdc20TOP2 (denoted on graphs as WT); green, cdc20top2-4; red, cdc20top2-SNM.

bations to Top2 are associated with alterations to CEN topol-
ogy induced in response to tension.

Top2 Promotes Tension Checkpoint Arrest and Chromatid
Detachment in Mtw1 Mutants

A particularly important question in our analysis concerned
the functional significance of the role we had uncovered for
Top2 in CEN tensioning. In particular, because chromatids
bioriented and segregated properly in fop2-SNM cells, this
aspect of Top2 function did not seem to contribute markedly
to chromosome stability, at least under normal conditions.
As elaborated in the Introduction, however, the tensile prop-
erties of CEN chromatin may be one factor influencing Ipl1/
Aurora B targeting of kinetochore-spindle attachment er-
rors. Based on this idea, we considered the possibility that a
function for Top2 in the ability of CEN chromatin to resist
deformation by the spindle might become important when
Ipll was forced to evaluate a partial reduction of bipolar
tension.

Mutations affecting the kinetochore protein Mtw1 have
been shown to activate Ipll to detach chromatids from the
spindle and induce SAC arrest (Pinsky et al., 2003), presum-
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ably because kinetochores attach to microtubules in a weak-
ened configuration that leads to reduced tension. Accord-
ingly, mtwl-1top2-4, and mtwl-1top2-SNM strains, along
with WT, mtwl-1 and mtw1-1ipl1-321 controls were released
from G1 at 37°C, and SAC arrest was monitored by deter-
mining the fraction of large-budded cells and cells with
nuclear Pdsl staining. mtw1 cells arrested, whereas mtw1ipl1
cells progressed through mitosis with similar kinetics to WT
controls, indicating a complete checkpoint defect (Figure
6A). In comparison, mtwltop2-4 and mtwltop2-SNM exhib-
ited an attenuated response where SAC arrest diminished
over 5 h.

If top2-SNM interferes with how the mtw1 defect is per-
ceived by Ipll, kinetochore-spindle connections should be
stabilized in mtw1top2-SNM strains. Indeed, the frequency of
mtwl cells exhibiting bipolar CEN4-GFP attachments in-
creased in mtwltop2-SNM cells at 37°C, associated with cells
exhibiting stretched CEN4-GFP (Figure 6, C and D). Three
criteria were used to address whether this restoration of
attachment corresponded with improved chromosome seg-
regation. First, the presence of the top2-SNM allele did not
suppress mtwl temperature sensitivity (data not shown).

Molecular Biology of the Cell



100
75

Figure 6. Tension checkpoint in- il

tegrity in fop2 mutants. (A) Each
graph shows a separate experiment
where WT  (JBY649), mtwl-1
(BY1544), mtwi-1ipl1-321 (SBY1724),
mtwl-1top2-4 (JBY1560) or mitwl-
1top2-SNM ~ (JBY1553) PDSI-MYC
strains were released from a Gl1 ar-
rest (a-factor) at 37°C. a-factor was
restored after budding to restore G1
arrest in cells that completed mitosis.
The percentage of large budded cells
(left and middle graphs) or cells dis-
playing nuclear Pdsl-myc immuno-
fluorescence staining (right graph)
was determined at each time point.
(B) Left graph. WT (Y300), dbf4-1
(TWY211), dbfi-1ipl1-321 (JBY1643),
dbf4-1top2-4  (BY1640), and dbfi-
1top2-SNM (JBY1644) strains were re-
leased from a G1 block at 36°C and
a-factor was restored after budding.
The percentage of large-budded cells
was determined at each time point.
Right graph. WT (Y300), Amad2
(JBY554), ipl1-321 (YM311), top2-4
(BY335), and top2-SNM (JBY1452)
strains were released from a-factor
into nocodazole-containing media at
36°C. The percentage of rebudded
cells was determined at each time
point. A rebudded cell is a large bud-
ded cell that has sent out one or more
additional buds, indicating a failure
in SAC arrest. (C) Micrographs illus-
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Second, mtwl cells exhibited a slight increase in chromo-
some loss at a semipermissive temperature of 34°C; this was
not significantly reduced in mtwItop2-SNM strains (Supple-
mental Figure 6A). Third, at 35.5°C mtw1 cells arrested only
transiently, making it possible to evaluate the frequency
of cells with two TRPI-GFP foci after completion of mi-
tosis. A partial reduction in this segregation error was in
fact observed in mtwltop2-SNM mutants (Supplemental
Figure 6B). Overall, however, the data suggest improved
kinetochore attachment in mtwItop2-SNM cells is not suf-
ficient to restore chromosome segregation. This is similar
to what has been documented in mtwlipll mutants; one
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possibility is that even though mtw1 kinetochores are not
being actively disconnected they are unable to remain
attached to the spindle during anaphase (Pinsky et al.,
2003).

Ipll is also required to activate the SAC in strains defec-
tive for the initiation of DNA replication or chromatid co-
hesion, but not when unoccupied kinetochores are gener-
ated directly using nocodazole (Biggins and Murray, 2001).
We therefore examined SAC arrest under these conditions in
top2 mutants. We observed that replication defective top2-
4dbf4-1 and top2-SNMdbf4-1 strains arrested similarly to
dbf4-1 controls, whereas ipl1-321dbf4-1 mutants failed to ar-
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rest (Figure 6B). Thus, Top2 is not required for tension
checkpoint arrest if bipolar attachment is completely circum-
vented. In keeping with this, top2-4 and top2-SNM mutants
seemed largely proficient for SAC arrest after treatment with
nocodazole (Figure 6B). Previous experiments have estab-
lished that inactivating top2-4 silences the tension check-
point in strains deficient for chromatid cohesion (Dewar et
al., 2004). To determine whether the top2-SNM allele be-
haved similarly, cohesin-deficient scc1-73top2-4, and sccl-
73top2-SNM mutants were analyzed as described for
mtwltop2 strains. We observed sccltop2-4 and sccltop2-SNM
cells proceeded through mitosis more rapidly than sccl con-
trols (Supplemental Figure 7), suggesting SAC arrest was
less robust in both top2 alleles.

Restoration of Chromatid Attachment in mtwltop2-SNM
Mutants in the Absence of Catenation

In the case of sccltop2-4 mutants, inactivation of Top2 has
been proposed to silence the tension checkpoint because
failure to resolve catenates provides an alternative means of
linking sister chromatids and restoring tension (Dewar et al.,
2004). Because top2-SNM mutants seemed to have a subtle
defect in decatenating sister chromatids (Figure 1D), it was
possible that checkpoint override in sccl1top2-SNM mutants
occurred through a similar mechanism. This brought into
question the basis for the attenuated checkpoint response of
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each), cdc13-Ttop2-SNM (JBY1473, JBY1474, [BY1471;
1 experiment each) and cdc13-1top2-4 (JBY1476; 3
experiments) p3847 transformants were arrested at
34°C for 2.5 h before imaging. Minichromosome
stretching was evaluated using the indicated catego-
ries. Graphs depict the mean and SD for the combined
experiments. (C) mtwl-1 (TWY259; 3 experiments,
TWY260; 3 experiments) and mtwl-1top2-SNM
(TWY264; three experiments, TWY265; three experi-
ments) strains harboring p3847 were either released
from a-factor or shifted as asynchronous cell culture to
37°C for 2 h before microscopy to visualize the GFP-
tagged p3847 minichromosome. Large-budded cells
were scored into the indicated categories. Graphs de-
pict the mean and SD for the combined experiments; in
total, 604 and 686 cells were evaluated for mtwI-1 and
mtwltop2-SNM strains.

mtwltop? strains; specifically, could trapped catenates re-
store tension to weakened mtwl kinetochores? To address
this issue unambiguously, we examined catenation, CEN
morphology under tension, and chromatid attachment to the
spindle in mtwltop2-SNM cells harboring p3847, a GFP-
tagged circular minichromosome containing 10.7-kb of
CEN4 flanking DNA (Tanaka et al., 1999). Previous studies
have shown that replicated minichromosomes remain
paired as sister chromatids until the metaphase to anaphase
transition and are joined by cohesive linkages that are capa-
ble of supporting tension (Guacci et al., 1994; Megee and
Koshland, 1999). Even with this relatively large minichro-
mosome (~20 kb) catenated forms of p3847 were not ob-
served in cdc13 and cdcl13top2-SNM cells, but they were
readily detected in cdc13top2-4 strains (Figure 7A; similar
results were obtained in nocodazole-arrested cells; data not
shown). Compared with endogenous CEN4, p3847 exhibited
an increased tendency to adopt a filamentous configuration
in cdc13TOP2 cells during biorientation (Figures 7B and 2B).
Nonetheless, the frequency of cells displaying a stretched
chromatin morphology was clearly elevated in cdc13top2-4
and cdc13top2-SNM transformants, again corresponding
with a reduction in separated, compact GFP foci. Finally, we
examined p3847 attachment to the spindle in mtwl and
mtwltop2-SNM mutants (Figure 7C). After a shift to the
nonpermissive temperature, the majority of mtwl cells
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showed a single GFP dot. In contrast, mtw1top2-SNM strains
showed a higher percentage of cells with two foci and
stretched GFP-labeled chromatin, suggesting a restoration of
bipolar attachment. We conclude that kinetochore-microtu-
bule interactions can be stabilized in mtwltop2-SNM mu-
tants even in the absence of catenation between sister chro-
matids.

DISCUSSION

In vertebrates, disruption of PIASy or RanBP2, two SUMO
ligases implicated in Topo II sumoylation, interferes with
Topo 1II localization to CENs and chromatid separation in
anaphase (Azuma et al., 2005; Diaz-Martinez et al., 2006;
Dawlaty et al., 2008). It is not known whether Top?2 is tar-
geted to yeast CENs in an equivalent manner. However,
Top2-SUMO fusion proteins can exhibit robust cross-linking
to CEN DNA (Takahashi et al., 2006) or accumulate in the
nucleolus (Takahashi and Strunnikov, 2007), indicating
sumoylation may also regulate yeast Top2 trafficking. In this
report, we used the top2-SNM allele to specifically examine
functions associated with Top2 SUMO modification, com-
paring top2-SNM strains to catalytically inactive top2-4 mu-
tants. The two main phenotypes we observed were a ten-
dency for CENs to adopt a drawn out, filamentous
appearance as kinetochores bioriented on the spindle and a
defect in sustaining tension checkpoint arrest in kineto-
chore- and cohesin-defective strains. As discussed below,
these observations suggest a novel role for Top2 in main-
taining tensile CENs that seems to be connected to enforcing
aspects of the tension checkpoint.

Top2 Function in CEN Tensioning

Based on increased CEN stretching, interkinetochore dis-
tance, and preanaphase spindle extension, a main conclu-
sion from this study is that Top2 acts in some capacity to
allow CENSs to resist the force of the spindle. There are two
aspects to this. First, because increased stretching occurs in
both top2-SNM and top2-4 mutants the simplest interpreta-
tion is that sumoylation promotes Top2 function in limiting
CEN expansion, although we cannot exclude that different
defects are responsible for CEN stretching in top2-4 and
top2-SNM strains. Second, this aspect of Top2 function
seems to be separable from decatenation, which has been
considered the main CEN function for Topoll. Most directly,
as evaluated using a topologically closed minichromosome,
increased stretching occurred in top2-SNM cells even in the
absence of catenation.

One hypothesis to explain our data are that Top2 modu-
lates CEN tensioning by reinforcing a compact CEN struc-
ture. This might be in keeping with the observation that
treating vertebrate cells with the Topoll inhibitor ICRF-193
disorganizes CEN chromatin (Rattner et al., 1996). At
present, we can only speculate as to how Top2 might medi-
ate CEN compaction. Because Top2 binds DNA as a dimer,
Top2 could act in a structural role to stabilize DNA loops
(Aguilar et al., 2005), potentially facilitating coiling within
the paired CEN foci that form during biorientation.

Top2 could also maintain CEN compaction in its capacity
as a topoisomerase. Our CEN excision experiments are con-
sistent with this, because they reveal top2 mutants display
altered CEN superhelicity when chromatids are placed un-
der tension. This may suggest Top2 is required to relax
topological stress induced during biorientation, although it
is also possible that perturbations to Top2 are a direct cause
of aberrant changes to CEN topology. We can envision at
least two ways in which torsional strain might arise as CENs
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are placed under tension. In vitro pulling experiments have
shown that DNA overwinds when stretched (Gore et al.,
2006), and it is therefore possible that tension could suffi-
ciently distort the DNA helix to alter topology. Alterna-
tively, CEN chromatin unravels extensively during biorien-
tation, potentially to a point where nucleosomes are
displaced as a means to dissipate tension (He et al., 2000;
Pearson et al., 2001). This would be expected to release
superhelical turns constrained by the nucleosomes. Interest-
ingly, a recent study has shown there is in fact a relationship
between nucleosome packaging and CEN elasticity, with
reduced nucleosome density producing exacerbated CEN
stretching and spindle extension (Bouck and Bloom, 2007),
reminiscent of top2 mutants.

Finally, a role for Top2 in CEN compaction could be
mediated through a functional interaction with the conden-
sin complex. Condensin can reconfigure DNA topology in a
Topo II-dependent manner (Stray et al., 2005) and has been
suggested to localize to yeast CENs (Bachellier-Bassi et al.,
2008). Condensin has also been implicated in preventing
CEN expansion under tension (Oliveira et al., 2005; Gerlich et
al., 2006; Yong-Gonzalez et al., 2007).

Top2 Function in the Tension Checkpoint

Topo Il inactivation silences the SAC and stabilizes chroma-
tid-spindle attachment in cohesin-deficient cells, probably
reflecting the ability of unresolved catenates to restore ten-
sion (Dewar et al., 2004; Vagnarelli et al., 2004; Toyoda and
Yanagida, 2006). In our experiments, restoration of chroma-
tid-spindle attachments in mtwltop2-SNM mutants did not
require catenation between sister CENs and was not accom-
panied by suppression of the underlying mtw1 kinetochore
defect. Thus, if top2-SNM causes an increase in interkineto-
chore tension that compensates for mtwl kinetochores, this
presumably occurs through an as yet unknown mechanism.
Such an increase in tension would also be counterintuitive to
kinetochores being pulled further apart in top2-SNM strains.
One scenario, however, is that perturbations to kinetochore
structure or geometry in top2-SNM or top2-4 mutants (po-
tentially associated with alterations to CEN chromatin struc-
ture) could make it more difficult for Ipll to phosphorylate
kinetochore substrates or could allow kinetochore reattach-
ment to occur more efficiently.

A distinct view, prompted by tensiometer models invok-
ing CEN stretching as a factor controlling Ipll/Aurora B
targeting of kinetochores, is that in mtwItop2 mutants weak-
ened kinetochores can distend CENs into a configuration
that mimics tension. The observation that Top2 is not re-
quired for Ipll to respond to monopolar attachments in
replication-defective dbf4-1 mutants is consistent with this;
in the absence of bipolar force it presumably becomes un-
necessary to calibrate CEN resistance to spindle pulling. By
extension, Top2 would not be expected to play a role in
resolving syntelic attachments, explaining the normal chro-
mosome loss rate of top2-SNM strains. Further analysis of
Ipl1 localization and activity in top2 mutants may help shed
light on whether there actually is a mechanistic coupling
between CEN stretching and stabilization of mtwl kineto-
chore attachments.

A model in which Top2 enforces the sensitivity of the
tension checkpoint would seem to contrast with reports
indicating perturbations to Topo Il activate metaphase arrest
through pathways that overlap extensively, if are not iden-
tical to, the SAC (Mikhailov et al., 2002; Skoufias et al., 2004;
Clarke et al., 2006; Diaz-Martinez et al., 2006; Toyoda and
Yanagida, 2006). The signal(s) that elicits this arrest has been
controversial, with one suggestion being unresolved cate-
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nates activate a Topo II-responsive checkpoint (Skoufias et
al., 2004; Clarke et al., 2006). Although this has remained
unclear, metaphase delay after Topo II inhibition has re-
cently been shown to be abolished by the Aurora B inhibitor
ZM447439 (Diaz-Martinez et al., 2006). Similarly, in budding
yeast a new group of top2 alleles has been identified that
delay anaphase in an Ipll-dependent manner (Andrews et
al., 2006). If Topo II influences both CEN decatenation and
compaction, perturbations to Topo II could have variable
outcomes with respect to Ipll/Aurora B signaling. For ex-
ample, depleting Topo II in vertebrate cells where sister
CENs seems to be tightly linked by catenation has been
reported to lead to a shortened metaphase interkinetochore
distance (Spence et al., 2007), which could possibly simulate
a reduction in tension. In contrast, if sister CENs were not
extensively joined by catenates, or if it were possible to
specifically perturb Topo II CEN compaction activity, CEN
fibers might distend more easily into a configuration that
conferred resistance to the tension checkpoint. Such a frame-
work may prove useful for analyzing what is turning out to
be a complex set of interactions between Topo II, CEN
mechanics, and the tension branch of the SAC.
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